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SUMMARY
This thesis documents a multidisciplinary project which focused on the properties of surficial
sediments (upper 20 ern) at a shallow water site in the central north-eastern Irish Sea. where
sediment grades shorewards, from sandy muds to shelly sands. The purpose of this study was
to assess the spatial and temporal variability of bed properties, and investigate the complex
interactions between biological and physical sediment characteristics. Data was acquired via the
analysis of short, relatively undisturbed core samples. A diverse range of physical and biological
parameters was measured, with geophysical techniques being employed for much of the physical
characterization. Measured parameters included: moisture content (w), sand content (FJ.
carbonate content (%Carb), vane shear strength (Su)' compressional wave velocity ratio
(Vp - ratio), shear wave velocity (V.,), and formation factor (FF), total organic matter content
(TOM). bacterial numbers (BN), total carbohydrate content (CC), liquid-phase carbohydrate
content (LPC), and polysaccharide content (PC).
A major component of this study was a high resolution examination of V, depth variation.
Results demonstrated that V, gradients are strongest within the upper few centimetres of the
seabed. The generalized equation of Bryan and Stoll (1988), for the prediction of dynamic
rigidity, was unsuitable for application to this study, since rigidity (computed from VJ displayed
a strong dependence on texture. For surficial muddy sands, a relatively small change in the
sand- mud ratio can be associated with transition from a high strength / rigidity mineral
framework to a low strength / rigidity mineral framework. Differences in mean values illustrated
that a reduction in sand content from 840/0 to 61% was associated with a reduction in V, from .f7
to 17 ms' and a reduction in S; from 5.8 to 2.3 kPa. Some Vs measurements were made in situ
using a novel seabed penetrating sediment probe with falling arms for the location of sensors
(SAPPA). Results indicated that mean in situ Vs exceeded mean core Vs by 23%.
All physical bed properties exhibited marked vertical variation, mostly due to sediment
compaction with depth. The degree of variability. with both depth and time, was commonly
greatest in the upper 5 em of the bed. indicating a near-surface zone of enhanced activity. A
signal of seasonal variation was observed at muddy stations. with relatively high porosity beds
in spring due to high levels of biological activity. A strong signal, of this type, was common to
all stations in spring 1995; this being indicative of a spring bloom.
Results of this study stress the importance of considering variability in any model of the seabed,
and provide guidelines for future sampling strategies: Large-scale lateral variability (length
scales of 102 to 103 m) can be highly significant, but can be similar to small-scale lateral
variability (em length scales) when texture is consistent. Similarity between temporal variability
and small-scale lateral variability, suggests that temporal variability may be discounted.
Strong bivariate correlations between physical variables indicate good experimental procedures
in this study, and provided the basis for a multivariate analysis. Physical models were
constructed to account for variation of /I, Vp- ratio, FE S; and Vs ' Biological parameters were
incorporated into these models in order to determine secondary controls. Where significant
secondary controls were identified. increase of the relevant biological variable was generally
associated with increasing porosity and Su. and decreasing Vp- ratio. FF and \ ',. The opposing
influence of biological activity on Su and v.. was interpreted as an increase in grain binding With
a simultaneous increase in compliance at frictional intergranular contacts.
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CHAPTER 1.
Scope, Objectives and Strategy.
1.1 Introduction.
The ocean floor constitutes one of the major physical interfaces of this planet. It is characterized
by a ubiquitous carpet of sedimentary deposits of one type or another. Since a variety of
compounds (including pollutants and organic material) may become associated with mineral
particles, the interaction of matter and energy at this boundary (e.g. sediment resuspension,
transport and deposition) is of importance to water quality, biological productivity and
biogeochemical cycling. An integral component of any study of fluxes across the sediment-water
interface is a knowledge of the physical properties of the bed.
Unconsolidated marine sediments provide a habitat for benthic organisms, and a growing body
of research suggests that biological phenomena can be more important than physical and physico-
chemical controls in determining the bed properties relevant to interfacial processes. Mucous
binding by microbes is considered to be particularly significant. For such reasons a
multidisciplinary approach is highly valued in contemporary studies of sediment dynamics. )
Sandy muds and muddy sands are thought to behave cohesively in terms of bed behaviour, and
non-cohesively regarding transport, as they undergo intermittent resuspension. Since they are
both biologically and chemically active, and are frequently transported, they are of great interest
with regard to biogeochemical cycling and water quality in shelf seas. Unfortunately, the volume
of research on the properties of mixed deposits does not reflect their importance: studies have
tended to concentrate on either muds or sands.
Bed properties exhibit considerable variation in space and time. Determination of this variability
is required in order to identify the lateral and temporal scales over which input parameters require
modification in models of sediment resuspension and water quality. Assessment of vertical
variability is also significant. since subsurface sediment properties will influence surface
properties, fluid flux rates, and erosion rates during periods of prolonged hydrodynamic stress.
Furthermore, for some sediment properties it may be difficult to obtain interfacial measurements,
and predictions may be required from measurements made at greater depth. Most biological
activity, and the strongest physical gradients, occur in the upper 10 to 20 em of the bed. This
region is, therefore, of prime interest to the geological oceanographer. A complex range of
processes will control the physical character of surficial sedimentary beds. Understanding these
controls may facilitate formulation of the bed properties component in models of resuspension.
1.2 Study Objectives.
This research project was implemented in order to augment understanding of the physical
properties of shallow water, surficial marine sediments; particularly sandy muds and muddy
sands. This information would assist the development of sediment resuspension and water
quality models in subsequent projects. More specifically the aims were:
1. To assess various forms and scales of spatial variability in the physical and biological
characteristics of surficial sediment.
2. To assess temporal variability in the physical and biological characteristics of surficial
sediment.
3. To examine interrelationships between physical properties, and between physical and
biological properties.
1.3 Experimental Rationale.
1.3.1 Background: Measuring Sediment Properties.
Hitherto, the term "sediment properties" has been employed in a rather ambiguous fashion. It
requires translation; it must be linked to a suite of measurable parameters. The problem can be
hroken down as follows:
)
I
1. Which sediment properties are most relevant to the study?
2. Can they be measured, given the limitations of the study?
3. What are the most effective methods of measurement?
A marine sediment is essentially a collection of mineral grains, with other, biogenic. components
incorporated. A fundamental, and relatively easily measured, attribute is sediment texture (i.e.
grain size distribution). This, however, provides a limited definition of a sediment's character:
grains bond and interlock to form a complex 3-D framework, with an interpenetrating pore-fluid
matrix. The geometric permutations are endless. It is the structural properties of a sediment that
will control its response to stress, and other phenomena governing exchange processes across the
sediment-water interface.
Sediment structure is generally considered in terms of porosity, permeability. shear strength,
cohesion, rigidity and compressibility. Each of these terms essentially has a simple definition,
and represents a bulk property for a given sediment volume. They relate in some way to the
primary properties of a deposit; these being the sizes, shapes, mineralogies, spatial arrangements
and packing of the mineral grains, and the pore-fluid characteristics (Richardson and Young,
1980). Any technique providing some form of assessment of one the above attributes has
potential value.
The validity of a particular technique will rest on its ability to fulfill an appropriate set of
requirements:
• Measurements must be accurate and repeatable.
• Analysis must be rapid, so as to allow replicate measurements to be made (these being
required for reliable assessments of variability).
• Since spatial variability in surficial sediment properties is significant over centimetre scales,
any technique must provide resolution over similar scales.
Empirical investigations of sediment structural properties can be performed using three basic
sampling strategies: In situ measurement; collection of core samples and -ubsequent laboratory
3
)
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analysis; and controlled laboratory experiments using artificially prepared samples. In situ
examinations are the most sought after. They impose the least disturbance to sediment structure.
and thus provide the most representative characterization. In situ techniques are the most
difficult to develop, and are not often economically viable due to the hostile nature of the marine
environment. Nevertheless, a number of probes have been successfully deployed for small-scale
in situ investigations (e.g. Hamilton et al 1970; Jackson, 1975; Simpkin 1975: Barbagelata et aI,
1991). The collection of sediment cores is perfectly viable if the coring method used maintains
the sediment-water interface intact, and produces minimal disturbance during seabed penetration
and core removal. Most recent studies of the upper few centimetres of the seabed have used box
coring devices; with measurements subsequently being performed directly on bulk core samples,
or on carefully removed subcores (Briggs et al, 1985; Richardson, 1986; Faas, 1986: Jago et al,
1993). Controlled laboratory experiments are of value in substantiating inter-parameter
correlations, and elucidating cause-and-effect relationships (e.g. Schultheiss. 1983: Lovell, 1984;
Jones, 1990; McDermott, 1992).
Many of the techniques used to characterize unconsolidated marine sediments are derived from
terrestrial geotechnical techniques. Measurements of sediment porosity are commonplace and
comprise the most basic method of structural classification. Most other techniques assess
strength properties using either shear vane or penetration devices. These can be directly used to
analyse core samples (Faas, 1986; Meadows and Tate, 1985), but require modification for use
in situ (McNary and Frolich, 1970; Gordon, 1972; Bokuniewicz et al, 1975; Dayal et al, 1975).
Properties measured by such methods have the limitation of being device dependent, so derived
shear strength values from different apparatus may not be comparable.
In recent years the advantages of using geophysical methods in investigations of surficial marine
sediment properties has been realized, and much research effort has been invested towards this
end (e.g. Hamilton, 1970: Jackson, 1975; Shirley and Bell, 1978: Richardson et aI, 1983. 1990:
Jones, 1990: Barbagelata ct al. 1991). In the case of small-scale sediment properties. geophysical
techniques usually involve examination of the propagation of mechanical energy. or flow of
electrical current, through the sediment frame / pore-fluid system. The former relates to
~coacollstic invcxtiuation: the latter relates to electrical resistivity sounding. \Vith respect to the
'- '-
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geotechnical methods considered above, geophysical properties have the advantage of essentially
being device independent: i.e. they depend only on the frequency and amplitude of the energy
input, and the sediment characteristics. Geophysical techniques are highly adaptable and have
the ability to assess properties over a wide range of spatial scales. They are non-destructive, and
sediment intrusion is minimal or unnecessary.
Geoacoustic characterization of surficial marine sediments commonly involves measurement of
compressional (P-) wave velocity or shear (S-) wave velocity. For compressional waves. particle
motion is in the same orientation as wave propagation: for shear waves. particle motion is
perpendicular to the direction of wave propagation.
Compressional wave velocity (Vp) is a function of sediment bulk modulus (or incompressibilty),
shear modulus (or rigidity), and sediment density. Variation of P-wave velocity is primarily due
to variation in sediment bulk modulus, which is a function of the bulk moduli of the component
mineral grains, the pore-fluid, and the mineral frame (Gassman, 1951). Mineral grain and pore-
fluid moduli can be considered to be constant, and their relative importance depends on porosity.
Incompressibilty of the mineral framework is also largely controlled by porosity (Hamilton,
1971). Consequently, a vast number of empirical studies have been conducted, both in controlled
laboratory conditions and using seabed cores, illustrating strong relationships between P-wave
velocity and porosity (Buchan et al, 1966; Morgan, 1969: Hamilton, 1970: Akal, 1972;
Anderson, 1974; Taylor Smith. 1974; Horn, 1980; Hamilton and Bachman, 1982; Schulthiess,
1983: Orsi and Dunn, 1991). P-wave velocity has also been shown to be sensitive to variations
in sediment porosity and compressibility due to macrofaunal activity (Richardson and Young,
1981; Richardson et al, 1983).
As fluids offer no resistance to shear, shear waves propagate through the mineral fraction of a
sediment. S-wave velocity (VJ is directly related to sediment rigidity. Rigidity, and hence S-
wave velocity, depends on the number of grain-to-grain contacts and the nature of the contact
forces. Sandy materials possess rigidity due to intergranular friction, whereas muds gain rigidity,
usually of a lower magnitude, from cohesive forces. Small strain, or dynamic, shear modulus is
fundamental to the behaviour of a sediment under dynamic loading: such as that imposed by
5
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passing waves (e.g. Yamamoto et al, 1978). Recent work has indicated that shear wave velocity
can be significantly altered due to the influence of macrofaunal activities on sediment structure
(Jones, 1990; Jones and Jago, 1991, 1993; Jago et al, 1993).
Electrical conduction through a saturated sediment may be via the pore-fluid. the mineral grains.
and along the grain surfaces. In sediments with highly saline pore-fluid. or low clay contents.
it can generally be assumed that conduction is exclusively via the pore-fluid. Resistivity
measurements are usually expressed as the ratio of sediment resistivity to pore fluid resistivity.
This ratio is termed the formation factor (FF), and is related to sediment porosity and particle
shape (Sen et al, 1981; Mendelson and Cohen, 1982; Jackson et al, 1978). Particle shape is
important as it governs the tortuosity of the pore-fluid matrix.
It has been noted, above, that the physical character of a sediment bed will be largely influenced
by biological phenomena, particularly the production of mucilaginous substances by microbes.
This can enhance bed stability due to the binding of sedimentary grains to one another and to the
bed (e .g. Parchure and Mehta, 1985; Dade et al, 1991). Predicting this phenomenon is
problematic, since it requires measurement of the quantity of 'active' exopolymer substances
(EPS) in the sediment (Grant et al. 1986).
Early attempts to relate some geomicrobiological parameter to erosion resistance have used
indicators of microbial biomass such as ATP (Rhoads et al, 1978) or chlorophyll (Grant and
Gust. 1987). Although such indicators may give positive results for a particular study, they
cannot be universally accepted. The relationship to biomass is not constant, and they assume a
direct relationship between biomass and mucopolysaccharide production. EPS production is
much more dependent upon environmental stress than organism biomass (Costerton et al, 1978).
Analytical limitations complicate the problem: separation of EPS from sediment is not simple
since it can have a close association with proteins and inorganic salts (Hobbie and Lee, 1980).
Further complexity arises as microorganisms produce different types of EPS, with different
adhexi vc strengths and degradabilities. This explains the findings of Paterson (1989). who
demonstrated a lack of correlation between diatomic EPS concentration and sediment stability,
6
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Relationships between erosion resistance and mucous concentration are probably non-linear, with
further concentrations having negligible influence once some saturation limit is reached (Rhoads
and Boyer, 1982).
Grant et al (1986) has attempted to estimate sediment mucopolysaccharide content from 'colloid'
carbohydrate content (carbohydrates in the supernatant fraction of centrifuged samples). This
may be a useful technique as it is relatively simple, but it probably does not extract all the EPS
present. The most precise method, so far available, involves an assessment of uronic acid
concentrations. This was developed by Fazio et al (1982) and has been successfully employed
by Dade et al (1991), although it is lengthy and requires a great deal of technical expertise
(Decho, 1990).
To summarize, a study of the physical character of the seabed requires techniques which are able
to assess relevant structural features of the sediment frame / pore-fluid system. Geophysical
methods can be highly regarded in this context. Due to analytical problems, direct measures of
'active' microbial mucous in studies of sediment binding are difficult to obtain. Assessments tend
to rely on an indirect indicator.
1.3.2 Measured Parameters.
Taking the considerations outlined above into account, a suite of measurable parameters was
chosen for this study. It was proposed that physical analysis should largely rely on geophysical
measurements, and that biological analysis should incorporate measurement of biogenic
components which were likely to relate to microbial EPS, but were achievable given analytical
limitations.
Seven physical parameters were selected for measurement, including: sand content (FJ;
carbonate content greater than 63 urn (%Carb); moisture content (u): vane shear strength (5u ) :
compressional wave velocity ratio (Vp- ratio); shear wave velocity (VJ; and electrical formation
factor (FF). Five biological parameters were selected for measurement, including: total organic
matter content (TOM); bacterial number (BN): total carbohydrate content (CC): liquid-phase
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carbohydrate content (LPC); and polysaccharide content (PC).
The nature of this study required the employment of two investigators: a geophysicist /
sedimentologist (the author of this thesis), and a microbiologist. Consequently, all biological
measurements were made by Ms C. Unsworth.
1.3.3 Strategy.
In order to achieve the goals set in 1.2, the following approach was proposed:
1. The collection of short core samples from a number of physically different sites within the
study area, at regular intervals over at least one seasonal cycle.
2. The analysis of core samples, comprising measurement of geophysical, geotechnical and
biological parameters (as defined in 1.3.2).
3. Design, construction and development of a sediment probe with the ability to obtain in situ
measurements of geophysical parameters.
Item 3 in the above list of strategic directives was a subsidiary component of the study. It was
a developmental project which was not designed to provide the main volume of empirical data;
this would come from core samples. The use of cores initially required the development of core
testing apparatus, and the acquisition of a coring device able to obtain relatively undisturbed
samples (see Chapter 4).
Muddy sands and sandy muds are considered to be particularly interesting with respect to water
quality and biogeochemical cycling. Targeting an area of seabed comprising such deposits was
a necessary prerequisite to this study. The area selected is located in the central north-eastern
Irish Sea, just north of the Morecambe Bay gas fields, and approximately 10 km \\'Cst of the
Barrow-in-Fumes- coastline. A detailed description of this site is provided in Chapter 3. The
area was originally divided into a 4.5 x :2 mile grid of 50 equally spaced stations, centred on
5..+ il08'N OJ'l2TW. Stations were arranged into five north-south lines of 10. After the first two
8
cruises to the site it was realized that sampling points in muddier sediments would be required
(for reasons associated with performance of the in situ probe), and two further lines were added.
The final limits of the study region were approximately 54°05.8'N to 5-+()10A'~ and 3025.3'\V to
3030.7'W.
Eleven cruises to the study area took place between May 1993 and May 1995. Lateral variability
was assessed by sampling a number of stations within the sampling grid. Within-station lateral
heterogeneity was addressed by collecting replicate samples from each station. By measuring
physical properties over centimetre depth intervals, vertical variability was examined to depths
of about 20 em. A small number of 'primary stations' were chosen for repeated sampling at
different times; this enabled the generation of time series and assessment of temporal variability.
Interrelationships between sediment properties were examined for different subsets of data.
1.4 Summary.
This chapter has outlined the impetus for this study, the scope and objectives of this study, and
has provided a brief account of the strategy employed. To summarize, the aim of this study was
to investigate the physical properties of surficial marine sediments, particularly muddy sands and
sandy muds. A number of biological measurements were made, since biological phenomena can
have a profound influence on the physical character of the seabed. Assessments were made of
the variability of sediment properties, in space and time. Correlations between measured
parameters were investigated, in order to increase understanding of the complex network of
controls associated with surficial sediment properties. Ultimately, the information acquired
would be useful to models of sediment resuspension and water quality.
The following chapter provides a review of the literature pertinent to this study. This is followed
by a detailed account of the field site in Chapter 3. Three methodological chapters are given
thereafter: Chapters 4 & 5 describe the development of apparatus: Chapter 6 provides full details
of sampling, sample processing, and data analysis procedures. Further details of data analysis,
and presentation of the results, is given in Chapters 7, 8 & 9. A synthesis is presented in Chapter
10, and conclusions are givcn in Chapter II.
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CHAPTER 2.
Physical and Geophysical Characteristics of Surficial Marine Sediments.
2.1 Fundamental Characteristics of Sedimentary Deposits.
2.1.1 Sediment Texture.
Sediment texture relates to properties of the individual mineral grains which form the building
blocks of a deposit. Such characteristics include grain size, shape, mineralogy, density. surface
roughness, chemical properties, and the nature of attached biological components. Texture has
a large influence on structural properties of the bed, and the mode by which a sediment is
transported.
The mineral components of most marine sediments, particularly those in temperate climates, are
terrigenous in nature; being products of the physical and chemical weathering of preexisting
rocks. The textural characteristics of a clastic deposit will be controlled by the localized
hydrodynamic regime, superimposed upon a framework of external controls which regulate the
quantity and nature of the sedimentary supply. These include tectonic, climatic and eustatic
processes. In palaeoceanographic terms, north-west Europe is very close in time to a marine
transgression (rise in sea level), associated with an amelioration of climate following the last
glacial stage. As a result of recent subaerial exposure of the north-west European continental
shelf. and generally sparse supplies of modem sediment, most of this area is covered with relict,
terrestrial glacial material, or deposits formed from the reworking of such (palimpsest).
The sediment situated at any particular site will be the result of a time integration of temporally
varying sediment supplies and hydraulic conditions (Stanley and Swift, 1976). Biological
processes will intluence texture due to modification of the hydrodynamic regime, sorting of the
bed, regulation of bed stability. scavenging of particles in suspension, and grain binding (Rhoads
and Boyer, 1982). These processes are considered in detail in a later section.
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2.1.2 Sediment Structure.
Sediment structure (or fabric) relates to the spatial arrangement of mineral grains. The simplest
representation of a marine sediment, and that commonly employed in geophysical modelling. is
one of a two phase system; comprising a fluid (in this case water) and a solid phase. These are
considered to be complex interpenetrating matrices. In some marine sediments the production
of gas bubbles, primarily by methanogenic bacteria, necessitates consideration of a third phase.
A collection of mineral grains constitutes a deposit, and therefore possesses a structure. when it
becomes self-supporting: i.e. behaves as a 'particle-supported assemblage' rather than a 'fluid-
supported assemblage'. The transition from 'fluid-supported' to 'particle-supported' is
characterized by the development of a measurable effective stress (Mehta, 1991): i.e. the
difference between total stress and pore fluid pressure (see Section 3.3). A sedimentary deposit
cannot be fully characterized in terms of textural properties alone; in certain instances these are
of relative insignificance in comparison to properties describing structural aspects of the mineral
frame / pore-fluid system.
The most basic structural parameters are measures of the relative volume of the mineral grain and
pore-fluid fractions. This is usually expressed as porosity (ratio of the volume of voids to the
total sediment volume), or void ratio (ratio of the volume of voids to the volume of solids).
These parameters represent bulk average properties which take no account of anisotropy,
heterogeneity, or the geometrical configurations of the fluid and solid constituents. Any
particularly sediment will possess a range of stable packing configurations. The degree of
packing can be expressed as a relative density; where a zero value indicates a sediment in its
loosest packing state (highest stable void ratio), and a value of I is obtained for a sediment in its
most densely packed state (lowest possible void ratio, determined by vibration or compaction).
The most important structural characteristics concerning the mineral phase are the moduli of the
skeletal framework it makes up, and the sediment shear strength. The modulus of a material
represents the stress-strain ratio for a given set of conditions. Shear strength corresponds to the
maximum resistance a material can offer to shear stresses before failure occurs. In terms of the
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pore-fluid matrix, the most significant property is permeability: the rate at which a fluid under
pressure can flow through the void space.
The two most relevant moduli of the mineral framework are the shear modulus (or rigidity) and
the bulk modulus (or incompressibility). These are dependent on the average interparticle contact
area per unit volume of sediment, nature of the contact forces (frictional, physico-chemical or
biophysical), and the strain amplitude. The moduli of the skeletal frame influence a sediment's
response to loading, and consequently are of significance to consolidation I and bed stability.
Shear strength is related to the same intergranular forces (Theilen and Pecher, 1991).
Permeability is controlled by sediment pore size and connectedness, tortuosity, and grain
mineralogy. Pore size is largely dependent on the particle size distribution; with flow channel
radii decreasing as particle size decreases. Tortuosity, To , of the void space is defined by Bear
(1972) as To = (L/Le)2, where L is the straight line distance between two points at the ends of a
sinuous path Le• It depends on the geometrical packing and shape charateristics of the grains.
Mineralogy controls the chemical properties of grains which determines thicknesses of absorbed
water, and hence the effective pore size. Surface roughness of grains also influences
permeability, with rougher textures producing greater resistance to flow. Permeability governs
a sediment's response to imposed stress through variation in pore pressure, and is fundamental
to fluid fluxes across the sediment-water interface.
Discussion so far has neglected consideration of the heterogeneity and anisotropy of sediment
properties which characterizes natural deposits, due to the medley of processes leading to their
formation. It is common, for instance, to observe spatial heterogeneity in sediment shear
strength, over centimetre length scales, due to the activities of benthic fauna (Meadows and Tate,
1985). Considering anisotropy, permeability of fine-grained deposits typically displays greater
values in the horizontal plane relative to the vertical, due to the alignment of platey mineral
grains (Fang et ai, 1993). It is thus necessary to examine the fields of both geotechnics and
I Unless otherwise stated, the term consolidation represents the reduction of void space
due to drainage of pore water, and the transfer of load from the pore fluid to the mineral
frame (Lambe, 1951).
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sedimentology: the former providing a suite of measurable physical parameters: the latter
providing insight into depositional processes and associated facies characteristics.
Sedimentary structure can be categorized on a chronological basis into pre-, svu-, and post-
depositional. Pre-depositional structures are formed as a result of the pre-depositional
topography of the sedimentary environment. Syn-depositional structures form at the time of
deposition and represent stable self-supporting frameworks in equilibrium with the local
hydrodynamic conditions. The above implies that pre- and syn- depositional structures are
intimately related. Post-depositional structures result from the manipulation of a deposit after
it has been laid down. This can be due to hydrodynamic or biological reworking, or deformation
due to loading.
2.2 Physico-Chemical Controls of Sediment Properties: Cohesive and Non-Cohesive
Sediments.
The preceding discussion provides a generalized overview of the properties of surficial marine
sediments. This section investigates the variation in physical properties attributable to grain
size/mineralogy. Since the literature has tended to deal with either fine-grained or coarse-grained
materials, this review at first maintains this dichotomy, and follows with a consideration of
mixed deposits. Regarding coarse-grained materials. sands are of primary relevance to this
project.
Marine sediments can be categorized in terms of a grain size spectrum with two characteristic
end-members: cohesive muds and non-cohesive sands (and gravels). These fine- and coarse-
grained fractions are generally separated by an arbitrary demarcation of 63f.lm. Muds comprise
mixtures of silt and clay. and tend to occupy low energy environments ('sinks'), where sediment
deposition is the dominant process. Sandy substrates usually occur in more hydrodynamically
active regions, where particles are likely to be intermittently mobile. These differences In
physical environment tend to result in muddy deposits being the most biologically acti \"C"
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2.2.1 Non-Cohesive Coarse-Grained Sediments.
Non-cohesive sediments are predominantly products of the mechanical breakdown of preexisting
rocks. Sedimentary grains resulting from such processes are primarily quartz, but other minerals
may be present (e.g. feldspars), particularly when closer to the sediment source. Biogenic
carbonate particles, i.e. shells and shell fragments, often constitute another important component
in cohesionless deposits. The behaviour of non-cohesive particles is governed by inertia
(dependent on size and density).
The packing of a sandy substrate depends upon the grain size and shape distributions, and the
nature of deposition. The range in porosity found in naturally occurring non-cohesive sediments
is typically 30% to 50%. For sands, Sohn and Moreland (1968) found porosity to be related only
to sediment sorting (standard deviation of the grain size distribution). An increased spread of
sizes tends to correspond with a decrease in porosity, since smaller grains are able to fill the
interstices between larger grains. Non-uniform distributions should also possess a more tortuous
pore-fluid matrix, and an increased number of grain-to-grain contacts. In natural non-cohesive
deposits, decreasing grain size general relates to an increase in porosity (Taylor Smith, 1971;
Hamilton and Bachman, 1982). This can be explained by a correspondence between decreasing
grain size and decreasing particle inertia, and increasing angularity (see below).
As the average particle shape becomes less spherical the range in stable packing arrangements
increases (Jackson et al, 1978). A typical scenario is the mixing of angular. platy shell
fragments with more well rounded quartz sand grains. Elongated or platy grains are able to
'bridge' across voids which leads to an increase in porosity (Allen, 1985). This effect may be
accentuated as such particles tend to be aligned horizontally, and in the direction of flow (Dyer,
1986). As for an increase in the spread of sizes, an increase in the proportion of angular grains
should be consistent with an increase in tortuosity and the number of intergranular contacts.
Allen (1985) uses the term 'haphazard packing' to describe the emplacement of naturally
occurrinu cohesionless deposits. This type of packing is a result of the random addition of grains
'-
to the bed. from a single now direction. Haughey and Beveridge (1969) have shown. using
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cohesionless spheres, that porosity increases with the rate of deposition. This is due to high near-
bed particle concentrations, which lead to particle collisions and hindered movement: preventing
grains from rolling into minimum energy positions before a self-supporting structure is formed.
A sandy sediment will be most stable when it occurs in its most densely packed state. Since
grains rest in their minimum energy positions, a deposit is less likely to experience liquefaction
(the loss of effective stress due to an increase in pore-water pressure) due to dynamic loading and
reorganization of the sediment matrix. Minimum porosities can be obtained if the rate of
deposition is low, and grains experience some post-depositional reorientation as a result of low
energy fluid stresses.
Surficial sandy deposits tend to be intermittently mobile, generally being transported as a bedload
fraction. Transport processes lead to the production of a variety of bedforms. with scales ranging
from centimetres to tens of metres. Such bedforms include ripples, megaripples, plane beds,
antidunes and sand waves; with the structures present in any location depending on water depth,
grain size and current velocity (e.g .. Southard and Boguchural 1973; Allen, 1982). Complex
patterns can arise due to asymmetrical flow conditions and the migration of bed features.
The primary sedimentary parameters regulating the fluid entrainment of cohesionless deposits
are simply particle size and weight. Consequently, sedimentologists have a far greater
understanding of the resuspension and transport of sands than they do for muds (see below). A
number of empirical expressions exist relating particle diameter and density to the threshold
conditions necessary to initiate motion, for both unidirectional (e.g.. Shield, 1936) and oscillatory
(i.e. beneath waves) flow (e.g .. Komar and Miller, 1975). In terms of bedload transport rates
under unidirectional flows, Bagnold's formula and its derivatives are commonly applied
(Bagnold, 1963; Gadd et al. 1978; Hardisty. 1983). These generally express transport rate as
proportional to the shear velocity' cubed, modulated by a constant dependent upon grain diameter
and excess shear stress (that in excess of the shear stress necessary to initiate motion). Other
investigators have produced empirical expressions for wave induced transport rates (e.g.. Madsen
and Grant. 1976: Hallermeier, 1982). The large range of study-specific. empirical formulae that
2 Shear velocity is equivalent to ('tjp )'\ where 1(1 is bed shear stress and p is fluid
density.
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have emerged is testament to the difficulty encountered when trying to solve transport problems.
Wave-current interaction (Owen and Thorn, 1978), heterogeneity in bed properties. particle shape
characteristics, and the microbial binding of presumably cohesionless grains (Dade et al. 1991)
all add to the complexity.
Although sediment resuspension and transport can be related to particle size, the more general
concept of bed stability requires a consideration of permeability and rigidity, as these parameters
govern liquefaction potential. When liquefied a cohesionless sediment will have no strength,
making it amenable to transport under gravitational or hydraulic forcing. Dissipation of wave-
induced pore pressures has been the subject of extensive research (Madsen. 1978; Yamomoto et
aI, 1978; Okusa and Uchida, 1980; Demars and Vanover, 1985; Okusa, 1985: Tsotsos etal,
1989). Both granulometric and structural characteristics are, therefore, significant when
considering the stability of a non-cohesive bed.
2.2.2 Cohesive Fine-Grained Sediments.
The term mud encompasses a far more complex range of materials than does sand; its definition
requires some consideration. Muds constitute unconsolidated mixtures of clay and water. with
or without silt and less common larger particles (such as sands). Composition is generally
unrestricted, and they typically occur as poorly mixed arrays of multimineralic organa-mineral
aggregates (Black, 1991; Faas, 1991; Ranz-Guerra, 1991). In rheological terms muds exhibit
plastic behaviour; with a continuum in deformation characteristics between a lower boundary,
which may be defined by the Atterberg plastic limit, and an upper boundary relating to the
transition between a fluid-supported suspension and a body-supported framework (Faas. 1991).
Due to the electrochemical and biochemical forces which govern intergranular contacts in muds
(sec below), they tend to possess more open structures than cohesionless sediments. This is
accompanied by higher porosity (commonly>70C;c) and compressibility, and lower shear strength
and rigidity. This does not necessarily imply lower erosion resistance, which is governed by the
cohesive / adhesive bonds between grains. Permeability is generally lower in muds due to
smaller pore channel radii. as a result of smaller component particle sile and the absorption of
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water by mineral grains.
Excluding biological phenomena (which shall be dealt with later). cohesion in fine-grained
sediments is dependent upon the presence of clay mineral particles, which are products of the
chemical weathering of unstable aluminosilicates (feldspars) and ferromagnesium silicates (e.g ..
olivine and biotite). These are generally categorized as grains of s.2 urn (BS5930), but possess
a size range from fractions of I urn to about 10 urn (Black. 1991). It is suggested that a clay
fraction of ~ 10% by weight is necessary for a sediment to exhibit cohesive behaviour (Dyer.
1986).
Clay minerals are divided into four main groups: kaolinites. rmcas (including illite),
montmorillonites and chlorites. They possess specific surface areas ranging from Snr'g', for
large kaolinite and chlorite grains, to 800m2g-1 for small monmorillonite grains (Fripiat. 1965).
Clay particles are predominantly platy in shape, but can occur as rod (eg. halloysite) or lath (eg.
nontronite) type structures (Mitchell, 1976).
Silica tetrahedra and alumina octahedra form the building blocks of clay minerals; occuring as
sheets in a I: 1 or 2:1 ratio. Isomorphic substitution of A1 3+ for Si-++ in these sheets leads to charge
deficiencies, which may be balanced by interlayer cations. Due to the presence of broken bonds
in the crystal lattice, a negative charge exists on the face of clay platelets, and a positive charge
occurs at the edge. The overall particle charge is negative. and this electrostatic force acts to
repel clay grains from one another. Van der Waals force attracts clay particles to one another:
this being proportional to d- 3 for plates, where d is the distance between two particles.
Closely held layers of cations (eg. Na", K+. Mg2+) form at the faces of clay platelets. with positive
charge density decreasing exponentially with distance from the surface. The term 'diffuse double
layer' is used to describe these collections of cations. which act to reduce the negative charge of
clay particles (Dyer. 1986). An exponential relationship exists between a decrease in negative
charge and an increase in fluid salinity. The consequence of this variation in repulsi ve force is
as follows: Clay particles in fluvial environments (within a weak electrolyte) are generally
dixauurcuutcd. although some 'house of card' structures may form from the edge-to-face link up
'- '- '-
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of plates. As grains approach the marine environment (a strong electrolyte) salinity increases and
electrostatic repulsion is rapidly reduced relative to van der Waals attraction, leading to
"-
aggregation, or 'flocculation'.
Various mechanisms help to induce flocculation by causing particle collisions. including:
Brownian motion, fluid shear, inertial differences and differential settling. The rate of
flocculation and the strength of 'floes' depends on the mechanisms in operation. It is apparent
that the floc comprises the fundamental kinetic unit when considering mud dynamics in the
marine environment. Consequently, a number of investigators have noted a lack of
hydrodynamic sorting in terms of component particle size (Thorbjarnarson et aI, 1986; Keuhl et
al, 1988). As flocculation proceeds floes form floc aggregates, from which are formed floc
aggregate networks (Partheniades, 1965). The densities of clay mineral aggregates vary from
1.06 to 1.80 gem"; being much smaller than those of the constituent grains (2.6 to 3.0 gcm').
Once such structures have settled on a bed they lose their identity, making it difficult for
investigators to obtain hydraulically significant measurements of particle size (Krank, 1975).
Sediment settling may occur once turbulence is sufficiently reduced, and will depend on
flocculation dynamics, therefore being time variable. As near-bed suspension concentration
increases flocculation will be initially enhanced, producing increased settling velocities. At
higher concentrations a 'hindered settling' condition results due to mutual particle hampering,
giving rise to increased drag forces and decreased settling velocities (Owen, 1970; Mehta, 1989).
The transition from an unstructured dilute suspension to a self-supporting bed, with measurable
effective stress, has been measured in still water at particle concentrations of 150 to 200 gL-1
(Sills and Elder, 1986). However, in the marine environment the dynamic behaviour of
sediment-water mixtures will also depend upon the flow regime, and transitions between various
rheological states can occur over wide ranges in concentration (Mehta, 1991). Fluid muds, for
instance, have been recorded at sediment concentrations in excess of 400 gL' (Faas, 1986).
A number of studies have investigated the I-D self-weight consolidation of mud beds in
quiescent water (cg. Been and Sills. 1981; McDermott, 1992). From an intially uniform density.
a dense basal layer rapidly forms due to the settling of larger grains. above which a soft bed layer
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rises (ascending pycnocline) at an almost linear rate. Above this. the interface between clear
water and mud suspension falls (descending Iutocline) at a similar rate. The time at which these
two density steps meet corresponds to the precise moment at which the suspension changes in
consistency from a liquid to a plastic (Parker, 1987). Further fall of the sediment-water interface
(self-weight consolidation) continues at a much reduced rate and is governed by permeability.
In dynamic environments, layering of sediment-water mixtures can be further complicated with
the existence of stationary and mobile hyperpycnallayers, and shear layers (Mehta, 1991). It is
apparent that the time-dependence of structural properties in muddy deposits is of paramount
importance.
The consolidation state of a cohesive bed is contingent upon sediment supply rate (Morgenstern,
1967). In normally consolidated beds sedimentation rate is relatively low, pore-fluids are
allowed to escape, and density increases sharply with depth. If a bed is rapidly emplaced it may
exhibit underconsolidated attributes, due to the escape of pore-fluid being impeded. In this case
density is relatively uniform with depth and the mineral framework is weak (thus shear strength
and rigidity are low), with the sediment load being partly borne by the pore fluids.
The interstitial space of a mud deposit can be divided into inter- and intra- aggregate pore space.
At the upper limit bulk void ratio can be around 6 (Been and Sills, 1981; McDermotL 1991),
which may be greater than intra-aggregate void ratio by a factor as high as 4. Consolidation,
resulting from both self-weight (Parthenaides, 1965) and higher magnitude loading (Griffiths and
Joshi, 1989), tends to occur due to the reduction of large voids in the inter-aggregate pore space.
Macroscopic sedimentary bedforms in non-cohesive deposits, resulting from hydrodynamic
processes, have been considered above. In muds, the only commonly occuring macroscopic
structural feature (other than biogenic) is horizontal lamination (Potter et al, 1980). On the
microscopic scale a variety of structures, including graded bedding, convolute bedding, wavy
bedding and cross-lamination. have been observed (Stow. 1969). Clay platelets tend to occur in
<-
'domains' (groups of sub-parallel particles) and 'card-houses' (groups of randomly arranged
particles), and efforts have been made to classify deposits on this basis (Smart. 1991).
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Mud erosion resistance is influenced by a complex range of variables including: clay content and
mineralogy; pore fluid and eroding fluid chemistry; void ratio: and bed structure. In terms of the
critical bed shear stress required for the onset of transport, yield stress is the most successful
predictor (Migniot, 1968; Ohtsubo and Muraoka, 1986). This is "assumed to reflect the averaze
"-
particle-particle bond strength in network structures". and has been successfully employed in
balance of forces relationships for the prediction of grain-by-grain entrainment from tlat mud
beds (Dade and Nowell, 1991; Dade et al, 1992).
A range of empirical formulae exist for mud erosion rate, E, (eg. Arulanandan et al, 1975; Lavelle
et al, 1984; Maa and Mehta, 1987). Many of these can be summarized by the expression given
below.
dm
e
e =
dt
na 't e
e
2.1
Where ml' is the mass eroded per unit bed area; 1" may be the bed shear stress, excess bed shear
stress (that in excess of threshold shear stress), or non-dimensional excess shear stress: cx
e
and
11" are material dependent constants, where Ill' is neglected in some formulations. Lavelle et al
( 1984) consider a formulation in which 1" is bed shear stress magnitude. They provide ranges of
2x 10-5 to 4x 10-2 grnis' for cx 1" and 1 to 5 for n.. These values illustrate the large variability in
erosion rate for muddy deposits. In normally consolidated mud beds density and yield stress
increase as functions of depth. The erosion rate for a constant shear stress will therefore be time
variable, decreasing as the bed level is reduced.
Estimates of fine-grained sediment transport generally rely on multiplication of a measured, or
estimated, suspension concentration profile with a current velocity profile. Transport is likely
to be enhanced when wave action is superimposed upon current flow: wave oscillation can
tluidize a consolidating mud bed, thus making it more amenable to horizontal movement (Ro-.s
and Mehta, 1989).
Problems of erosion are further complicated due to the influence of near-bed suspensions, which
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can act to stably stratify the benthic boundary layer and suppress boundary layer turbulence
(Glenn and Grant, 1987; Dade and Nowell, 1991; Jago etal, 1993). Another limiting effect is
reported by Faas (1985) who recorded 'shear-thickening' behaviour in high density fluid muds.
This is characterized by increasing effective viscosity with increasing shear rate, which leads to
increased drag. An empirical approach is imperative in the search for solutions to this
multivariant problem.
2.2.3 Mixed Sediments.
A large portion of the world's continental shelf area is covered with mixtures of mud and sand,
classified as sandy muds and muddy sands, which possess traits of both end-member
components. It is postulated that these materials behave cohesively in terms of bed behaviour,
and non-cohesively regarding transport, as they undergo intermittent resuspension. Since they
are both biologically and chemically active, and are frequently transported, they are interesting
deposits with regard to biogeochemical cycling and water quality in shelf seas. The amount of
literature dealing with muddy sands and sandy muds is comparatively sparse, considering their
biogeochemical importance, and their presence in the most economically viable area of the ocean.
The behaviour of sand and mud mixtures will be governed by a combination of frictional and
cohesive intergranular forces. Frictional forces will be most relevant to the stiffness of the
sediment framework, whereas cohesive forces will be important to erosion resistance. When
small amounts of mud are added to a sand framework they will fall into interstitial spaces,
leading to reduced porosity and increased tortuosity of the pore-fluid matrix. At higher
concentrations clay platelets may separate sand grains, reducing frictional forces and the strength
and stiffness of the frame.
When small portions of sand are added to a mud deposit they may become suspended within the
cohesive matrix, having little influence on sediment properties. Larger amounts of sand will give
rise to increased self-consolidation rates due to increased permeability. which may increase
erosion resistance (Terwindt and Brewers. 1972; Faas. 1986). Bokuniewicz et al (1975) illustrate
an increase in hardness (determined by a flat bottomed indentor) of the sediment-water interface,
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with increased sand content in muddy deposits. They propose that an increase will be invoked
when sand grains are within 2D (centre-to-centre) of one another. where D is grain diameter. At
a volume concentration of 20% the distance between grains is 1.5D. When non-cohesive
particles are incorporated in both dilute (James and Williams, 1982) and dense suspensions
(Trask, 1959~ Mignoit, 1968) yield stress is reduced due to the disruption of electrochemical
adhesive forces. This evidence suggests that frictional forces are most relevant to the strength
of sediment beds, whereas cohesive forces control fluidized sediment strength.
Erosion of a mixed mud-sand bed typically leads to the occurence of two resuspension
components: a coarse-grained bedload and a fine-grained wash (suspension) load. Transport of
the sandy bedload can lead to the formation of ripple marks, whereas the mud fraction may be
winnowed away. Alternatively, in well compacted muds, the coarse-grained fraction may be
removed (Black, 1991). Terwindt et al (1968) have shown that in laminated sand-clay deposits
erosion resistance is dependent on the cohesive properties of the bed; being governed by shear
strength of the clay layers. Mixed sediments typically exhibit higher threshold shear stresses than
do the component sand or mud fractions on their own.
2.2.4 Summary.
Marine sediments can be characterized in terms of a grain size spectrum with two end-member
groups: cohesive muds and non-cohesive sands (and gravels). Properties of the sedimentary
frame are governed by cohesive forces in muds, and by frictional forces in sands. The nature of
these intergranular forces results in characteristic structural differences between the two substrate
types; with muds generally exhibiting higher porosity and compressibility, and lower shear
strength, rigidity, and permeability.
Between these two end-members are the muddy sands and sandy muds, which exhibit both
cohesive and non-cohesive characteristics. These sediments are considered to be the most
interesting in terms of biogeochemical cycling in shelf seas.
'--
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2.3 Influence of Benthic Organisms on Sediment Properties.
The physical character of a marine sediment will largely affect the nature of the inhabitant
benthic community, which in turn will produce substantial alterations to seabed physical
properties (Rhoads, 1974; Rowe, 1974; Rhoads and Boyer, 1982: Heinzelmann and Wallisch,
1991). Sediment characteristics modified by biological processes include: bulk geotechnical
properties (eg. porosity and shear strength); particle characteristics. and the distribution of
particle types; roughness of the sediment-water interface. Sediment modification is a function
of an organism's size, degree of mobility, depth range of influence, its mode and level of feeding.
and the population density (Rhoads and Boyer, 1982). The manipulation and reworking of
sediment by benthic animals is generally termed 'bioturbation'. Rhoads (1967) prefers to use the
all-encompassing term 'biogenic reworking': defined as "all biological activity physically altering
sediment". Other relevant nomenclature includes 'biodeposition' (promotion of sedimentation
due to biological activity) and 'bioresuspension' (ejection of grains into the water column by
organisms) (Rhoads, 1963; Nowell et al, 1981; Heinzelmann and Wallisch, 1991).
The degree of biological influence on sediment properties depends on the interplay between rates
of sedimentation and biological activity, and the hydrodynamic regime. In shallow marine
environments physical reworking due to wave activity may obscure the influence of benthic
animals. In the deep sea rates of biological activity are relatively slow, but low sedimentation
rates result in material being subjected to biological alteration for long periods of time (Rowe,
1974). This results in animal activity, rather than hydrodynamic processes, controlling early
diagenesis (Richards et al. 1985). The intensity of biological reworking, and the alteration of
sediment physical properties, will depend upon the faunal composition rather than the faunal
density (Rhoads, 1967). Large populations may not be required for extensive reworking (Rhoads,
1963), and reworking rates by macrofauna suggest that, in many coastal areas, surficial sediments
may pass through animal guts several times before final burial (Dade and Nowell. 1991).
Many investigations have dealt with specific organism activities, or particular benthic
communities. and determined their effect on threshold shear stress, or bulk properties of the bed.
Researchers tend to consider their results in terms of a bed stabilizing or destabilizing effect.
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Even this simple dichotomous classification calls for a degree of caution: only net effects can
be elucidated in the context of the physical and biological conditions associated with any
particular study (Jumars and Nowell, 1984). For an understanding of biologically mediated bed
stability, an understanding of the relationships between specific species and trophic groups is
necessary.
The benthos can be classified in terms of size, with boundaries being somewhat arbitrary and
technique dependent. Macrobenthos includes organisms greater than 0.5 or 1mm: microbenthos
includes organisms smaller than 63 or IOOllm; and meiobenthos includes organisms of
intermediate sizes. The following discussion is separated into two sections based on this
classification.
2.3.1 Macro- and Meio- Benthos.
Benthic communities are generally classified according to the dominant species of macro-
invertebrates. Species tend to be distributed in continua, along environmental gradients. within
and between broad community categories (Gray, 1981). Two end-member communities may be
recognized: pioneering and equilibrium (Rhoads and Boyer, 1982). Pioneering communities
occur in recently disturbed substrates, and generally comprise small, opportunistic tube dwelling
organisms, which feed near the sediment surface, or from suspension. Equilibrium assemblages
consist mainly of burrowing deposit feeders, and constitute high order successional stages
existing in sediments where physical disturbances are relatively rare. Pioneering communities
tend to occupy sandy substrates and produce a bed stabilizing effect. whereas equilibrium
communities occupy muddy sediments and have a destabilizing influence (Sanders, 1958;
Rhoads and Young, 1970; Johnson, 1971; Young and Rhoads, 1971).
2.3.1.1 Modification of Bulk Physical Properties,
The acti vities of benthic animals will profoundly affect sediment properties such as porosity.
permeability, effective mean grain size, fabric (i.e. structure). shear strength and rigidity. One
prOl'L'SS which has been shown to influence all these characteristics is pelletization. This involves
2.+
the ingestion of sediment grains and egestion of mucous bound faecal pellets (Pryor, 1975).
Fine-grained sediments are a particularly valuable food source due their large surface area.
Deposit feeding (equilibrium) communities in muddy substrates can produce intense pellitization
of the upper few centimetres of the bed, giving rise to 'fluff layers (Rhoads, 197-l: Rhoads and
Boyer, 1982; Richardson et al, 1983). This is characterised by an increase in effective grain size
and particle settling velocity, and formation of a loose, open fabric due to the production of inter-
pelletal void space (Rhoads and Young, 1970; Young, 1971). Pelletized deposits have been
shown to possess little cohesive strength (Bokuniewicz et al, 1975) or erosion resistance (Rhoads
and Young, 1970). Floes produced due to electrochemical attraction between platey grains tend
to possess a dominance of edge-to-face grain contacts. Faecal pellets do not display this
tendency, and are generally more densely packed (Reynolds and Gorsline, 1992). Component
clay mineral grains may also be altered during passage through animal guts (Syvitsky and Lewis,
1980). Haven and Morales-Alamo (1968) postulate that the transport of pellets could lead to
fine-grained sediments in locations where they would otherwize not be deposited.
In sandy substrates, metabolic turnover will also lead to an increase in effective grain size, with
faecal structures such as casts commonly occuring. Other significant biogenic aggregates include
'psuedofaeces', which are manipulated but not ingested by benthic organisms (eg. grazers), and
'bioflocs' which result from the decomposition of faecal pellets (Reynolds and Gorsline, 1992).
The strength of biogenic aggregates will depend on the mucous content (J umars, et al. 1981;
Nowell et al, 1981).
Particle selection by detritus feeding invertebrates may be based on size, grain density and
surface texture. Although bioturbation tends to eliminate sedimentary gradients giving a more
homogenous fabric, selection processes can lead to sediment sorting and spatial heterogeneity
depending on the level of feeding and location of faecal excretion (Rhoads, 1967: 197-l).
Considering motile organisms, feeding activities are commonly accompanied by burrowing into
the hed. This is associated with a reduction in compaction, and the secretion of mucous which
can lead to adhesion and aggregate formation. These modifications have been observed in both
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cohesive (Rhoads and Young, 1970; Rhoads, 1974) and cohesionless materials (Cullen, 1973:
Grant et al, 1982). The influence of burrowing species is governed by the rate of burrowing
versus the rate of consolidation. Burrowing may permanently randomize muddy sediment
structure (O'Brien, 1987).
Sessile organisms inhabit seabed cavities which can be classified as either burrows or tubes.
Burrows are formed by particle displacement and are lined with mucous secretions. They require
active maintenance to prevent collapse (Rice and Chapman, 1971). Tubes commonly occur in
pioneering communities. They are more ordered structures which are lined with an 'organic
cement', composed of mucoid polymers and a selected grain size fraction (such as shell
fragments), providing strength and rigidity. Benthic dwelling structures will influence porosity.
permeability and strength properties, depending on the mode of formation and resultant structure
(which varies widely), and substrate type. In terms of erosion resistance, an animal incurs
obvious advantages if burrow or tube construction enhances bed stability, and this tends to be the
case (Rhoads, 1974; Heinzelmann and Wallisch, 1991).
A number of authors have reported increases in shear strength in the vicinity of burrows and
tubes, due to localized sediment compaction and mucous binding (Rowe, 1974; Meadows and
Tait, 1989). Reductions in rigidity due to the presence of burrow inhabiting animals have been
reported in both sandy intertidal (Jones, 1990; Jones and Jago. 1991, 1993) and muddy marine
(Jago ct al, 1993) sediments. It may be that strength properties are increased locally, but reduced
over larger spatial scales by burrowing invertebrates. Jones (1990) and Jones and Jago (1991,
1993) have also reported an increase in rigidity related to the existence of a tube dwelling
polychaete. Sediment modification by tubes has been likened to the engineering practice of
foundation reinforcement using concrete piles (Heinzelmann and Wallisch, 1991). Sediments
around tubes can have higher densities of bacteria (Rhoads et al, 1978), diatoms (Sanders et al,
19(2), and mieofauna (Eckman, 1983). Microbial productivity is thought to be enhanced through
an increased supply of dissolved nutrients. and this may lead to increased sediment binding
through the production of mucous exopolymers (Aller and Yingst. 1980).
The presence of biogenic cavities may produce an increase in porosity (cg. Jago et al, 1993).
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This, however, depends on whether sediment is excavated or forced apart: sediment compaction
in the vicinity of a burrow may counteract the effect of the burrow itself. Jones (1990) found
increased permeability (inferred from measurement of electrical resistivity) due to the presence
of burrows and tubes, but a reduction is possible if cavity walls are lined with impermeable
membranes (Meadows and Tait, 1989). Although benthic excavations tend to be confined to the
upper 10 to 20 em of the seabed, observations of burrows on metre depth scales (Myers, 1979:
Weaver and Schultheiss, 1983) imply alterations to permeability which should interest engineers.
2.3.1.2 Modification of Boundary Roughness.
Although this discussion is primarily concerned with biogenic alterations of sediment physical
properties, a brief account of modification of the seabed surface is valid for completeness, and
due to its relevance to sediment stability.
A large range of biogenic structures has been observed at the sediment-water interface (eg.
Emery, 1953; Rhoads and Boyer, 1982). These affect the fluid momentum impinging on the bed,
and therefore influence resuspension. Frey (1973) offers an ethological classification for such
features (collectively known as 'Lebensspuren'), comprising: resting traces, crawling traces,
grazing traces, feeding structures and dwelling structures (considered above). In addition,
epifaunal organisms such as mud snails may constitute surface topography themselves.
An increase in boundary roughness produces an increase in bed shear stress. Jumars and Nowell
( 1984) suggest use of the log profile law. given below, to relate biogenic alteration of bed
roughness to bed shear stress.
U
-
Kv; In(z/z) 2.1
Where r., is bed shear stress. p is fluid density. U* is shear velocity, U(;I is the velocity at depth
7, K is Von Karmans constant. and .::() is the roughness length scale.
Nowell ct a/ (1981) found, in tlume experiments. that '::(' \\'as doubled due to the crawling activity
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of a small clam. The effect of crawling activity will. however, depend on initial
microtopography. If this is smooth then crawling traces will enhance boundary roughness,
whereas a rough surface may be smoothed by tracks and trails (Mcllvaine and Ross, 1979).
Cullen (1973) suggests that meiofauna may be important in degrading structures produced by
macrofauna and other animals.
Most of the work concerned with the biological mediation of boundary roughness has considered
animal tubes, which can protrude upto several centimetres above the bed (Ashley and Grizzle.
1988). Studies have tended to measure critical shear velocities over real or artificial tube fields.
and results have been interpreted in order to delimit areal tube densities separating stabilizing and
destabilizing effects (Fager, 1964; Rhoads et al, 1978, Nowell and Church. 1979; Eckman et al,
1981). The impetus for this is derived from the hypothesis that a small areal coverage of tubes
will lead to more fluid momentum being deflected towards the bed (than when tube free), but at
some greater density the zone of maximum turbulent kinetic energy will shift away from the bed,
and to the tops of the tubes.
Not surprisingly, significant discrepancies are found between the results from different studies
of tube density. Other tube properties, such as heightdiameter ratio, flexibilty and tube
roughness may require consideration (Jumars and Nowell, 1984). Modification of physical
properties by tubes has been discussed above, and Luckenbach (1986) has illustrated how
alteration of erosion resistance can be largely due to sedimentological changes rather than
hydrodynamic effects.
The preceding review has neglected the influence of macroflora on bed stability. Benthic flora
may exist if the sea bottom is situated in the photic zone', which may be as shallow as 15 m in
coastal waters. Macroalgae tend to stabilize sedimentary beds. This is the result of an
interlocking of material by rhizoids. and a reduction in near-bed flow velocity (Scoffin, 1970).
Higher plant forms are also likely to be important.
, The photic zone is the depth interval over which sufficient light intensity penetrates the
water column to enable photosynthetic production to meet the requirements or respiration
and allow net growth (Brown ct al, 1989).
2.3.2 Microbenthos.
Microorganisms inhabiting the seabed may be divided into microfauna. bacteria and fungi, and
microalgae (diatoms and blue-green algae). Bacteria are numerically the most dominant, with
numbers around 109 per crrr' being typical. Unlike larger organism activities, the activities of
microorganisms always tend to increase bed resistance to erosion. This has been shown. mostly
from measurements of threshold shear stress, for bacteria (Rhoads, 1978: Grant and Gust. 1987~
Dade et al, 1991), diatoms (Holland et al, 1974; Grant, 1988; Vos et al. 1988; Paterson. 1989),
and algal mats (Neumann et al, 1970; Scoffin, 1970; de Boer, 1981: Grant and Gust, 1987).
Microorganisms may also mix interstitial pore waters (Ostlund, 1989L and alter chemical
microenvironments.
In terms of stabilizing effects, it is useful to divide microorganisms on the basis of shape, into
coccal (squat) and trichal (filamentous). Coccal organisms include diatoms, microfauna and
some bacteria. They enhance sediment stability by releasing mucous exopolymers (EPS), which
bind sediment particles together through the formation of macromolecular bridges. The amount
of exopolymer released will usually far exceed the size of the organism itself (Deflaun and
Mayer, 1983), and a number of authors have observed extensive mucilage matrices filling
sediment void space (Frankel and Mead, 1973: Watling, 1988). Since EPS related modification
of sediment properties (particularly bacterial) is a chief concern of this project, it will be
considered in more detail below.
Trichal organisms include blue-green algae, fungi and some bacteria. They bind sediment by
forming mesh-type structures, comprising networks of entangled filaments, in a manner
comparable to fine roots (Heinzelmann and Wallisch, 1991). Additional stabilization may result
from EPS production.
Both coccal and trichal organisms can further enhance erosion resistance, and promote sediment
accretion, if mucous products or filamentous structures are present at the sediment surface. EPS
films may reduce bottom roughness and skin friction (Grant, 1988), and algal mats can reduce
near-bed velocity (Frostick and McCave, 1979).
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EPS is produced most vehemently when a microbe is exposed to environmental stress (Costerton
et al, 1978), and serves to enhance competitive success and survival. More specifically it aids
in: attachment to surfaces and locomotion; protection against toxins and predation; localization
of extracellular enzymes and buffering against microenviromental changes: sequestering and
concentration of nutrients; and maintenance of symbiotic relationships (Decho, 1990).
Microbial mucilaginous products are fibrous in nature (Costerton et al. 1978) and have been
described as viscid, viscous and elastic (Frankel and Mead, 1973). EPS is primarily composed
of highly hydrated (~ 99% water), surface active, anionic polysaccharide molecules, with high
molecular weights (100,000 to 300,000 daltons). Other components which may be found in these
mucopolysaccharides include uronic acids, glycoproteins, amino acids, and phosphate groups
(Decho, 1990).
Composition of microbial mucopolysaccharides varies depending on function, and the growth
stage of the organism. Different forms can be secreted simultaneously or in sequence, and may
have different influences on sediment properties. Bacteria are commonly surrounded by EPS in
two basic physical states: a tightly bound 'capsular' EPS and a more loosely attached 'slime' EPS.
This 'slime' EPS often has no close association with anyone cell and forms the attachment
between bacterial communities and grain surfaces (Decho, 1990).
Fletcher and Marshall (1982) and Marshall (1986) review the process of bacterial attachment to
surfaces. After an initial reversible step, a bacterium will produce holdfasts, increasing in
number with time, which can lead to irreversible binding. Costerton et (II (1978) describe the
bacterial matrix of tangled polysaccharide fibers as a felt-like glycocalyx. They provide a
biochemical model: From the outer membrane of a bacterium, lipopolysaccharide molecules
extend upon which polymerases are located. These enzymes generate chains of sugar molecules,
forming the long polysaccharide fibers.
Benthic diatoms may be divided into two categories: epipsammic. which possess limited
mobility, and epipelic, which undergo rhythmic migrations (Paterson, 1989). Epipelic diatoms
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move by secreting a mucous trail which causes grain-to-grain contacts to be made. They are
likely to impart the greatest stabilizing influence (Grant, 1988). although EPS produced during
locomotion is generally more soluble than other forms (Paterson, 1989).
Research discussed above has illustrated an increase in the binding force between grains. through
adhesion associated with mucopolysaccharides. In fine-grained deposits. which possess
electrochemical cohesion, binding force can be enhanced (Parchure and Mehta, 1985). In sands
an 'apparent' cohesion can be induced (Dade et al, 1991). A small number of investigations have
dealt with the rheological properties of aqueous suspensions of EPS (Navarini et al. 1990). and
EPS and mineral grains (Ren et al: in Dade and Nowell, 1991). No known research has directly
considered the influence of EPS on sediment properties such as rigidity and shear strength. In
muds, strength / deformation characteristics are governed by cohesion: mucous exudates are
likely to produce an augmentative effect. In sands frictional forces dominate: these may be
reduced through lubrication by mucous, resulting in decreased strength and rigidity.
2.3.3 Summary.
Biological processes have a profound influence on the physical properties of the seabed. The
activities of large invertebrates can modify all sediment structural properties. including: porosity,
packing arrangements, compressibility, shear strength, cohesion, rigidity, and permeability.
Pellitization and burrowing associated with deposit feeding communities tend to produce
increased porosity and decreased shear strength, whereas tube building activities generally lead
to sediment compaction and enhanced strength. However, a multitude of processes is likely to
occur in any particular location, and it is difficult to predict the net effects on sediment properties
and bed stability. The activities of microorganisms are of great concern to bed stability. They
tend to increase erosion resistance due to sediment binding by extracellular mucous products.
Little is known about the influence of microbial mucous on properties of the sediment frame.
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2.4 Variability of Marine Sediment Properties.
The preceding examination of surficial marine sediments illustrates the vast complexity in terms
of physical character. It is apparent that significant variability, in both time and space. will exist.
An appropriate view of the seafloor is one of a temporal and spatial mosaic, with each part
having a benthic community at a particular successional level (after Johnson, 1971: 1972). and
a unique depositional, erosional and stress history.
Variability will occur on almost any scale, as the following examples illustrate. Considering
spatial diversity, at micrometre scales meiofaunal and microbial activities may produce variations
in the intergranular contact forces between closely spaced particles. On the other hand.
significant variations in bulk physical properties will occur between different sedimentary
provinces, separated by kilometres (Briggs et al, 1985). Small-scale temporal variability includes
the action of passing waves, which can induce fluctuations in pore pressure (Okusa, 1985). On
a much larger scale, climatic variation and sea level change can result in dramatic alterations to
sediment supply and the hydrodynamic regime. Temporal variability is often considered in terms
of cycles, which may be diurnal, lunar or seasonal.
Spatial heterogeneity can be divided into vertical and lateral. On centimetre scales vertical
variability may exceed horizontal (Briggs et al, 1985 ~ Richardson, 1986). Depth variation of
physical parameters is well documented (eg. Keller. 1974~ Hamilton, 1976~ Briggs et al, 1985:
Faas, 1986~ Richardson, 1986~ Richardson et al. 1991), and is commonly attributable to a
progressive increase in overburden pressure, and an associated decrease in porosity. Textural
variation and biologically mediated processes are also highly significant. Vertical heterogeneity
in sediment binding, due to microbial mucous exudates, has been inferred from a number of
observations: Grant and Gust (1987) found that core samples from a sand bar consisted of
alternating layers of sulphur bacteria, blue-green algae, and clear sediment. Binding due to
diatom mucous secretions may only be important in the upper few millimetres of the seabed due
to rapidly decreasing light intensities. Grant (1988) and Grant et al (1986), however. describe
the burial of diatom films due to ripple migration. Bacterial mucous production may vary with
the position of the redox potential discontinuity (Rhoads and Boyer. 19X-l-).
Lateral variability, as mentioned above, is significant over kilometre scales due to variations in
sediment supply and the hydrodynamic regime. On smaller scales, diversity is largely the result
of heterogeneity in the benthic community. Rowe (1974) and Meadows and Tait (1989) recorded
shear strengths close to burrow linings which where about twice as great as those for inter-
burrow sediment. Young and Southard (1978) found the erosion resistance of a bioturbated
muddy sediment to be independent of season, but strongly dependent on spatial variations over
a few metres. The lateral distribution of various benthic components is often described as
'patchy'. Surficial bacterial mats (Grant and Gust, 1987) and diatom films (Grant et al. 1986;
Grant, 1988) have been found to be patchy on a scale of centimetres. In coastal regions. where
cohesionless deposits exist and hydrodynamic forces overshadow biological phenomena, the
presence of bedforms will produce structural heterogeneity (see Section 1.3.1).
Much of the temporal variability in surficial sediment properties can be attributed to seasonal
fluctuations. In shallow water environments sediment characteristics are often dominated by
biological processes in summer. and physical processes in winter. when wave activity is more
vigorous and storms are more frequent (Myers, 1977). Bioturbation rates of deposit feeders can
be temperature dependent (Rhoads, 1963); leading to porosity and reworked layer thickness being
maximal in summer (Rhoads and Young, 1970), and sediment stability being maximal in winter
(Rhoads et al, 1978). Other studies have shown sediments to be least stable in winter (eg. Grant
ct al, 1982). Such contradictions arise due to differences in the relative contributions of biogenic
reworking and microbial binding. The production of mucous exudates is temperature controlled,
and a number of authors have noted the existence of surface microbial coatings during warm
months and an absence during winter months (Frostick and McCave, 1973; de Boer, 1981;
Deflaun and Mayer, 1983). This is the result of low light levels and physical disruption in winter
inhibiting the growth of microbial colonies. A number of seasonally varying oceanic processes
may indirectly influence physical bed properties: changes in pelagic primary production and
sedimentation can affect the metabolic rates of benthic communities: water column stratification
can alter sediment supply.
On a smaller temporal scale. lunar variations in sediment properties can he significant. De Boer
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(1981) observed an increase in the erosion resistance of sandy megaripples immediately after
neap tides, relative to that found after springs. This was ascribed to an accumulation of algae
during neap tides, when sediment transport rates were low. Paterson (1989) provides evidence
of a diurnal cycle in intertidal sediment stability, due to mucus binding by epipelic diatoms.
During tidal exposure erosion resistance is enhanced, due to the migration of diatoms to the
sediment surface, and the associated release of mucilaginous materials. After tidal inundation
surface stability decays due to the downward migration of diatoms, and dissolution of surface
mucous.
Recent studies around the mouth of the Amazon have illuminated some interesting temporal
phenomena. In one location Jaeger and Nittrouer (1995) found a lunar variation in surficial
sediment texture; with a sand layer being present on the seabed during spring tides, and a mud
layer being found during neap tides. Allison (1995) identified an ephemeral sedimentary deposit:
the emplacement and removal of which was controlled by seasonal variations in wind strength
and sediment supply.
Temporal variability of sediment properties does not always have a cyclic basis: 'events' such
as storms and anthropogenic impacts on the seabed can have dramatic consequences; the
consolidation of a muddy deposit in quiescent waters will vary as a function of time (Been and
Sills, 1981).
In summary, physical characterization of any region of the seabed will be complicated due to
spatial and temporal diversity on a range of scales. Ideally, any study of seabed properties should
incorporate a sampling strategy which accomodates this variability.
2.5 Methods of Assessing Surficial Sediment Properties: Theoretical Background.
A discussion of sediment physical and structural characteristics has been given in the previous
sections. This section aims to provide an account of the theoretical background associated with
the geophysical and geotechnical properties of marine sediments relevant to this project. It
hegins with a review of sediment acoustic properties. followed by a review of electrical
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properties, and ends with a brief discussion of sediment shear strength.
2.5.1 Acoustic Propagation in Sediments.
This section reviews theoretical treatments for acoustic propagation in sediments. beginning with
basic solutions of the wave equation assuming Hookean elastic behaviour. and ending with a
discussion of Biot theory and its adaption for use in marine sediments. Emphasis is placed on
acoustic wave velocity and intrinsic attenuation mechanisms, and factors controlling these
'-
parameters.
2.5.1.1 Early Models.
Over the full range of stresses that may realistically be imposed upon a sediment. it is possible
for such materials to behave elastically, viscoelastically or plastically (Yong and Warkentin.
1966). Strain levels associated with acoustic waves are sufficiently small « 10-5) to allow the use
of linear or 'nearly' linear theoretical treatments. If we assume that a sediment body is an
homogenous, single phase solid, that behaves in a linearly elastic fashion at acoustic strain levels,
then a simple Hookean model can adequately define wave velocities. For a given set of
conditions the stress/strain ratio provides a particular modulus of elasticity. These moduli can
be defined using Lame's two independent constants (given below). or in terms of other constants
which can be expressed as simple functions of Lame's constants, such as Young's modulus and
Poissons ratio. Combining the stress-strain equations with Newton's 2nd law obtains equations
of motion that predict the existence of two types of body wave: compressional or dilatational (P)
waves. and shear or rotational (S) waves.
Compressional wave velocity, Vp• is given by:
f¥ ~ = ~ K' p43GV = A+2G = Dp p p 2.3
where p is the hulk sediment density; A and G are Lame's constants. where G is dynamic shear
35
modulus (or rigidity); K is dynamic bulk modulus; D is dynamic constrained modulus. Shear
wave velocity, V" is given by:
v = IG
s ~ p 2..+
Although the above relationships are useful in many practical applications, they are too
simplified to truely represent the physical processes that govern seismo-acoustic propagation.
More realistic models consider sediments as two component systems, comprising a mineral phase
and a fluid phase. Such an approach was first attempted by Wood (1941) who derived an
'emulsion equation' for compressional wave velocity in saturated marine sediments. In this
equation, given below, bulk density and modulus are replaced by the component terms for the
mineral and water fractions.
vp
1
2.5
The terms C, and C, represent the compressibilities (inverse of the moduli) for the pore fluid and
mineral grains, respectively; Pf and p, represent the densities of these two constituents; n is
fractional porosity.
It has been shown that Wood's equation gives reasonable agreement with experimental results
for high porosity muds (Nafe and Drake, 1963). However, for most marine sediments this
relationship underestimates Vp since it makes no consideration of the sedimentary frame. Even
in high porosity sediments some sort of framework, due to friction or electrochemical and
biological processes, is set up to give the sediment rigidity, and this must be accounted for in any
theory (Taylor-Smith, 1976). Wood's equation also assumes that both constituents of the
sediment move together as a 'closed system'. That is, the acoustic pressure acting on a mineral
particle is the same as that which would have acted on an equivalent fluid 'particle' in the same
position (McCann and McCann, 1969). The failure of this assumption would lead to velocity
dispersion: the variation of velocity with frequency (Ament, 1953).
Gassmann (1951) provides a term for system bulk modulus V\) which accounts for the influence
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of the skeletal frame:
2.6
where
KjKs-Kb)
n(Ks-Kf )
The subsripts s, f and b denote the bulk moduli corresponding to the mineral solids. pore fluid
and sediment frame respectively. As with Wood's formulation, Gassmann assumed that there
was no relative motion between the pore fluids and mineral frame.
To account for the attenuation of acoustic waves anelastic or viscoelastic models must be
employed. The critical factor in the selection of an adequate model for marine sediments is the
extent of relative motion between the solid and fluid phases. This will determine whether or not
velocity dispersion exists, and the type of relationship attenuation has with frequency.
Various measures of intrinsic damping exist; for small amplitude strains these parameters can
be related approximately by the expression (Richart et al, 1970):
1
Q
2.7
where lIQ is the specific attenuation factor; 0 is the logarithmic decrement (the log of the ratio
of two succesive amplitudes in an exponential decaying sinusoidal wave); a is the attenuation
coefficient: Vph is phase velocity: f is frequency.
From a review of available data Hamilton (1972) concluded that velocity dispersion was
nc:..zliuible and that attenuation had an almost linear dependence on frequency. as given below:
'- '-
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where k, is a constant for a particular sediment. This implies that the specific attenuation factor
and log decrement are independent of frequency. In the light of these conclusions he postulated
that relative motion between the solid and fluid constituents of marine sediments was
insignificant.
Hamilton proposed a linear viscoelastic solid model to account for acoustic wave propagation
in water saturated sediments (Hamilton, 1971, 1972, 1974; Hamilton et al, 1970). The proposed
model does not specify the mechanics of attenuation. but includes the provision for velocity
dispersion and a nonlinear attenuation-frequency dependence. In the model Lame's constants.
G and A, are replaced by the complex moduli (G+iG') and (A+iA'). Acoustic wave velocities are
governed by the positive real moduli and density. and energy damping is governed by the
imaginary moduli.
Stoll (1977, 1985) treated Hamilton's work with much scepticism and, using new low frequency
data (Stoll 1977, 1979, Stoll and Houtz, 1983), disproved the hypothesis of a linear attenuation-
frequency relationship.
2.5.1.2 The Biot-Stoll Model.
At present the most favoured models for acoustic propagation in macrocopically homogenous.
marine sediments are based on the work of Biot (1956a,b; 1962a,b). Over the past 25 years Biot
Theory has been analysed and developed. both empirically and theoretically, to describe the
behaviour of marine sediments (eg. Berryman, 1980a,b. 1981; Briggs, 1991; Geertsma and Smit,
1961: Ogushwitz, 1985: Stoll, 197·f, 1977. 1980, 1985, 1986, 1991: Stoll and Bryan. 1970;
Turgut and Yomamoto, 1990, 1991; Yomamoto, 1983) and other porous media (cg.
Attenborough, 1982; Johnson and Plona, 1982: Johnson et al, 1987; Plona, 1980).
Biot originally formulated his generalized theory for acoustic propagation in porous media by
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adding inertia terms to equations of consolidation he had previously derived (Biot, 19..+ 1). The
theory considers two interpenetrating 'effective media': a compressible pore-fluid filling the
interconnected pore space of a compressible porous frame. The model does not account for
energy losses due to scattering, and is therefore limited to long wavelength disturbances (i.e.
L»a, where L is wavelength and a is the pore size).
The success of Biot's approach is due to the average motion of the fluid and solid being followed
separately, allowing the phenomenological properties of each of these media to be specified
separately. This allows for the average motions of the two constituents to be partially out of
phase. Using a Langrangian procedure Biot derived a 'viscodynamic' operator to describe the
dynamics of the fluid in relative motion (1962a,b). This is dependent on fluid inertia. viscosity
and pore geometry (and hence permeability and tortuosity). To account for the large range of
relaxation phenomena associated with energy dissipation in the skeletal frame. Biot employed
viscoelastic operators.
The following discussion is based on Stoll's adaption of Biot theory for practical use (Stoll, 197.+,
1977, 1980, 1985, 1986, 1991; Stoll and Bryan, 1970). This has been of great value as it allows
the prediction of Biot's semi-phenomenological operators from familiar bulk physical parameters.
avoiding the need to employ microscopic models.
Mechanisms of Energy Dissipation.
The Biot-Stoll model, in its most recent form. is termed 'poro-viscoelastic' (Stoll, 1991). It
accounts for energy dissipation due to the following three mechanisms:
4. Intergranular friction.
5. Global relative motion between the pore fluid and mineral frame.
6. Local fluid motion.
Intergranular friction gO\l?rns tiny amounts of 'slip' occuring within small annular regions at the
contact areas between contiguous particles. during each cycle of loading. Damping due to thi ....
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mechanism can be approximated by using constant complex operators in a viscoelastic model
of the frame. This implies that the log decrement associated with frictional losses is independent
of frequency: experiments using dry samples verify this assumption for small strains (Stoll,
1985).
Energy dissipation resulting from global relative motion is controlled by permeability and
tortuosity, and is frequency dependent. Shear stresses generated in the pore fluid decay
exponentially away from the pore wall and are confined to a viscous skin depth, y, which
decreases with increasing frequency:
2.9
where 11 is fluid viscosity and w is angular frequency. At low frequencies the assumption of a
Poiseuille microvelocity field is valid, with viscous forces dominating over inertial forces and
y exceeding the pore channel size. As frequency increases Poiseuille flow breaks down,
gradually changing to a potential flow where viscous forces are confined to small boundary layers
close to the pore walls. Damping due to this mechanism is greatest when the frequency is such
that y is close to the size of the interstitial pores. To account for the frequency dependence Biot
(1962a,b) derived a viscosity correction factor to be applied to his 'viscodynamic' operator.
Local fluid motion arises from the distortion of void spaces and cracks during straining. It can
be visualized as 'squeeze film' or 'pumping' actions. and 'squirt flow' motions. Due to the large
range of complicated structures that one would expected in real sediments, many components of
local fluid flow are likely. resulting in a variable spectrum of relaxation times (Stoll, 1980. 1985).
To account for viscous damping due to such mechanisms the operators in the viscoelastic model
of the frame must be made complex and frequency dependent. Stoll (1991) predicts that energy
dissipation due to local fluid flow will be of most importance at 'intermediate' frequencies (about
10kHz for a marine silt).
The relative dominance of the various modes of damping depends on frequency and sediment
texture. In coarse-grained materials sufficient fluid mobility exists for overall attenuation to be
.+0
dominated by relative motion of the fluid and frame. In fine-grained materials with low
permeability this mechanism is only significant at very high frequencies. and losses in the frame.
due to friction and local fluid flow, are most prominent. The relative importance of attenuation
due to global relative motion and losses in the frame will differ for P-waves and S-\\avcs: frame
losses will be of greater significance for shear waves which propagate through the mineral frame.
Various bonding mechanisms are known to exist, either biological or electrochemical. in many
marine sediments, and inelasticity of such bonds will give rise to additional forms of energy
damping. The influence of such factors on the relaxation spectrum of the frame have yet to be
studied.
Formulation of the Model.
The general formulation of Biot's theory begins with a set of constitutive equations describing
stress-strain relationships for the sediment frame, and pressure in the pore fluid. If these are
combined with the stress equations of motion and a generalized form of Darcy's Law (for flow
through porous media), two pairs of coupled equations of motion may be derived: one pair
governing the response of compressional waves and the other pair governing the response of
shear waves. For P-waves these equations may be expressed as:
2.10
where (' is the volumetric strain of an element of the mineral frame, and ( is the volume of fluid
that flows into or out of the element, expressible in terms of porosity and the displacement
vectors of the skeletal frame. ii, and the pore fluid,D:
, = n dive ii- 0 )
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Tl is the fluid viscosity; k is permeability of the frame; m is an apparent mass density given by:
2.12
This is required to account for the fact that not all of the fluid moves in the direction of the
macroscopic pressure gradient due to the shape and orientation of void spaces. b I is an 'inertial
coupling factor' or 'structure factor', which has a value of unity when all pores are uniform and
aligned along the pressure gradient.
The parameters H, C and M are operators which characterize the response of the frame. In Stolls
adaption of the Biot model he introduces an important simplification: it is assumed that porosity
remains constant during dynamic loading at acoustic strain levels (i.e. the sediment frame
undergoes the same volumetric strain as the pores). This allows H, C and M to be related to more
familiar quantities, such as shear modulus of the skeletal frame (G), and the bulk moduli of the
sedimentary grains (KJ, the pore fluid (Kf ) and the frame (Kb ) . The form that these parameters
take depends on the complexity of the model under consideration: for a 'poro-elastic' Biot model
G, K; K; and K; are all real constants; for a 'slightly' inelastic model G and K; are made complex
constants (in the frequency domain) to account for energy dissipation at grain contacts (Stoll,
1970, 1977); for the 'poro-viscoelastic' model G and Kb are complex and frequency dependent to
account for losses due to local fluid motion (Stoll, 1985, 1986).
As discussed above, Biot formulated a correction factor to account for the frequency dependence
of the microvelocity field within pore spaces. This correction factor (F) is applied to the fluid
viscosity so that" is replaced by F". F is given by:
1F(K) = -
4 1-2T(K)/iK' 2.13
The parameter T(K) is obtained from derivatives of the Kelvin function, and K, which represents
the ratio of pore size to oscillatory boundary layer thickness. is given by:
2.1-+
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The parameter Q/ depends on pore size and geometry, and has dimensions of length.
It is assumed that the equations of motion admit solutions of the form:
(e,') DC exp[i(wt-Ix)] , 1-.... )
This results in a frequency equation with two complex roots of the form 1= Ir+ iii which give
the attenuation, li, and phase velocity, w/lr, as functions of frequency, for two types of
compressional wave.
The compressional wave of the 'first kind' is the one that is usually observed and has been
considered in the preceding discussion; being analogous to the P-wave deduced from Hookean
elastic theory. This wave attenuates slowly with a relatively high velocity and small amount of
velocity dispersion, and with the fluid and skeletal frame moving almost in phase. It essentially
travels through the fluid, although, as a result of the vibrating frame, it travels faster than in the
fluid alone. The 'second kind' of P-wave moves much more slowly and is highly attenuated. It
is diffusive at low frequencies and propagatory at high frequencies, where the viscous skin depth
is considerably less than the pore size (Johnson and Plona, 1982). It travels through the solid
frame, with the fluid and frame moving almost 1800 out of phase. Laboratory evidence for the
existence of the 'slow' P-wave has only recently been obtained (Plona, 1980; Johnson and Pion a,
1982).
The equations of motion governing the propagation of shear waves may be expressed as:
G\l2w a
2
= -(pw-pj}) 2.16
at 2
11 ee a2
--- = -(pf>-m8)
k at at 2
where w is the rotation of an element of the frame, gi\'cn by:
w = curl ii
-+3
2.17
e is the rotation of an increment of fluid, given by:
e = n curl( ii - 0) 2.18
As in the case of P-waves, for the equations of motion to be valid at high frequencies the viscous
correction factor is applied to the fluid viscosity. To account for losses in the frame G is made
complex and frequency dependent. Although shear waves propagate through the porous frame
as a volume constant deformation, relative motion between the fluid and frame can still exist. and
associated loss mechanisms and dispersion must be considered. The frame in effect 'drags' the
fluid. Rigidity is, however, the most important factors in shear wave propagation and. as will be
shown later, velocity dispersion is comparatively small at frequencies of interest to
geophysicists.
The original Biot theory predicts the existence of just one kind of shear wave. with the frame and
fluid moving almost in phase. Recent work has suggested that a second kind of shear wave may
occur, but this has yet to be observed (Liu and Noriko, 1990). Viscous coupling exists between
the two types of P-wave, and such coupling will also effect shear waves (probably to a lesser
extent), implying that none of the waves are entirely independent (Schulthiess, 1983).
Model Predictions.
Using the Biot-Stoll model one can predict energy dissipation and velocity as functions of
frequency. Energy damping has already been discussed, and is not of great importance to this
study as attenuation was not measured: predictions of velocity have greater significance. A
number of authors have demonstrated a good correspondence between measured sediment
velocities and model predictions (Stoll, 1980; Breeding et al, 1991: Briggs. 1991). The variation
of velocity with frequency is a result of the changing microvelocity field, associated with global
relati vc motion in the idealized pore spaces. The maximum change in velocity occurs at the same
frequency at which maximum attenuation occurs (viscous attenuation peak); this shifting to
higher frequencies as permeability decreases (Yomamoto and Turgut, 1988). Dispersion occurs
over a relatively naITO\\' frequency band: at frequencies much lower or higher than the
ch.uactcristic frequency of the material, velocity is approximately constant. In the case of P-
waves these limiting values can be given by (Berryman, 1981; Turgut and Yornamoto, 1991):
2
Vp(O) = Hlp 2.19
For shear waves the limiting values are given as:
2
Vs(O) = Gr Ip 2.20
where Gr is the real part of the complex shear modulus, and (0) and (00) denote the low and high
frequency limits, respectively. The low frequency equations are equivalent to those derived by
Gassmann (1951) for a closed system (i.e. no global motion). Hence at low frequencies P-wave
velocity will be primarily dependent on the relative proportion of solid and fluid consituents (i.e.
porosity), and the frame moduli; S-wave velocity will be primarily controlled by the shear
modulus of the frame.
Briggs (1991) provides model predictions for compressional (first kind) and shear wave
velocities at frequencies of 1 Hz to 1 MHz, for surficial sands and muds. For medium sand Vp
varies from 1677 ms', at low frequencies, to 1807 ms I, at high frequencies, and V, varies from
94 to 102 ms- I . For fine sand Vp varies from 1642 to 1769 ms- I , and V; varies from 81 to 88
ms I. For muds very little dispersion was predicted for either mode of vibration as the relaxation
frequency, where maximum velocity dispersion occurs, is far greater than 1 MHz. From these
results it can be seen that, in surficial marine sediments, shear wave velocity has a very small
amount of variation with frequency; this has been evidenced by Jones (1990) in the laboratory
(300 Hz to 1500 Hz). Compressional wave velocity can have a significant amount of dispersion
depending on the type of material under investigation and the range of frequencies considered.
As the full mathematical treatment for the Biot-Stoll model requires information about the
sediment which is difficult to obtain, approximate solutions for wave vclocities have been
devised (Geertsma and Smit, 1961). These require a knowledge of the limiting low and high
frequency velocities. and the material's characteristic frequency.
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Model Parameters.
Full implementation of the model requires a number of input parameters that can be divided into
three categories, given below.
1. PS' Pf' x; s,
2(a). k, 11, n (b). aI' b,
3. G, x,
The first group of parameters includes frequency-independent variables that can be easily
obtained from the literature.
The second group of parameters includes variables required to define the overall relative motion
between the fluid and solid phases. These can be divided into two sub-categories: well
established physical quantities which are relatively easy to obtain, and coefficients derived in the
Biot theory which can be difficult to obtain. The first SUb-group includes fluid viscosity. porosity
and the coefficient of permeability. Porosity can be obtained from sediment samples using
measures of weight loss after drying, or from density measurements obtained using x-ray or
gamma ray attenuation. In situ values can be gained using electrical resistivity techniques,
provided that a calibration curve is defined (Jackson, 1975). Permeability may be measured in
the laboratory using permeameter cells or consolidation tests, and can be estimated in situ using
electrical resistivity techniques (Lovell, 1985) or measurements of differential pore pressure
(Hurley and Schulheiss, 1991: Fang et al 1993). The coefficient of permeability can also be
estimated from empirical equations such as those given by Bryant et al (1975) relating k to
porosity. or from the Kozeny-Carman equation which may be given as:
k
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where e is void ratio and ko and e" are constants.
The second sub-group includes the pore size parameter, a, (required for the determination of
Biot's 'viscosity correction factor'), and the 'inertial coupling factor' or 'structure factor', b ; which
accounts for the apparent increase in fluid inertia caused by the tortuosity of the pores (required
to determine the apparent mass density, m). Stoll (1974) showed that values of a l between 1/6
and 1/7 of the mean grain diameter gave good agreement with experimental results for sands.
a l may also be determined from the a l 2/k ratio which is predicted to be constant by the Kozeny-
Carman equation (Carman, 1956). Stoll (1977) stated that values of b, must be determined
experimentally; in general modelling he used values of 1.25 for coarse materials and 3.0 for
clays. Berryman (1980b) claims that b, can be determined theoretically through a microscopic
study of the frame-fluid relationships, giving:
,.., 1'1
where Os: ros' I, with a value of 0.5 for spheres. Brown (1980) illustrated how b, may be related
to the electrical formation factor by b, =nFF. This relationship is thought to be true only when
the effects of fluid viscosity are minimal, i.e. for coarse-grained materials or for high frequency
acoustic energy. nFF will generally give a lower limiting value for b. Bedford et al (1984). from
studies of the microvelocity field for pore space geometries relating more closely to those of real
sediments, suggest that, as for viscosity, the apparent mass density (defined by bl) should be
frequency dependent.
In recent years various investigators have attempted to define alternative formulations to describe
the relative motions of the fluid and solid (Johnson et al, 1987; Yamamoto and Turgut, 1988).
The original model defined by Biot is relatively simple, considering interstitial channels of a
single radius; recent models are more realistic but require the estimation of additional parameters.
The final group of parameters includes the complex and frequency dependent moduli governing
the response of the skeletal frame. The frame moduli will be largely dependent on the number
of intergranular contacts per particle (related to void ratio) and the area of each contact (related
to mean effective stress). In the past a number of investigators have suggested empirical
relationships to predict the real part of the dynamic shear modulus from void ratio and confining
.+7
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pressure (Hardin and Richard, 1963 ~ Hardin and Black, 1968). More recentl v Brvan and Stoll
(1988) give the expression:
2.23
where 0 0 ' is mean effective stress; G J, n. and b are constants; and Pais a reference pressure (l
atm). G can also be determined from measurements of V, in dry sediments or at low frequencies,
and the Bryan-Stoll equation has been shown to give good agreement with in situ values of
rigidity derived from ~, measurements (Breeding et al, 1991). An alternative approach is to
compute G from a self-consistent theory of composites (Berryman, 1980a). The imaginary part
of the dynamic shear modulus can be found if the logarithmic decrement for shear waves, 0,. is
known:
The bulk modulus of the skeletal frame can be related to the shear modulus by:
x; = 2(1+v)G / 3(1-2v)
2.24
2.25
,
where v is Poisson's ratio for the frame. K; may also be derived from the decompression portion
of the void ratio-pressure curve obtained in consolidation tests (Taylor Smith, 1986). A value
for the imaginary part of K; can be found if the log decrement for compressional waves is known.
If the relevant specific attenuation factors and G and K;are known, for an arbitrary frequency,
then they can be defined as functions of frequency, and the frequency dependent moduli H. C and
M can be calculated (Turgut, 1991).
Limitations of the Biot Model.
Acoustic models based on Biot theory are powerful research tools which have been shown to give
accurate predictions of acoustic propagation characteristics when sediment properties are defined
(cg. Stoll. 1980; Briggs, 1991: Breeding et al, 1991). or provide accurate predictions of bulk
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sediment properties when acoustic propagation characteristics are the model inputs (eg. Turgut
and Yamamoto, 1991). Nevertheless, the model does have a few limitations which should be
discussed for completeness.
Biot theory is only applicable where strain amplitudes are very small, as is the case for acoustic
waves. For mechanical disturbances at higher strain levels the response of a sediment is
nonlinear and difficult to model. For instance, it is well known that an increase in shear strain
amplitude is accompanied by a dramatic reduction in shear modulus. and increase in shear
damping (eg. Seed and Idriss, 1970~ Iwasaki et al, 1977).
Although Biot theory can be applied to describe anisotropic porous materials, its use is
essentially confined to macroscopically homogenous materials. It can therefore be utilized to
describe acoustic propagation through individual sedimentary strata, but has difficulty in layered
or laterally heterogenous media. Biot's original formulations assume a pore space consisting of
channels of a single radii: a narrow band of pore sizes must therefore exist, for the viscodynarnic
operator to be valid. Recent modifications of the model may overcome this limitation:
Yamamoto and Turgut (1988), for instance, model the pore space as a bundle of channels with
a distribution of radii relating to the grain size distribution. It must also be recalled that the Biot
model deals only with intrinsic damping and does not account for energy losses due to scattering
and other mechanisms. This leads to the requirement that the wavelength of the propagating
disturbance is significantly larger than the characteristic pore size.
2.5.1.3 Summary.
A 'poro-viscoelastic' model based on Biot theory has been discussed. This can adequately
describe the propagation characteristics of small strain, 'long wavelength', acoustic waves in
macroscopically homogenous, saturated sediments. The model predicts a nonlinear dependence
of attenuation on frequency due to viscous losses associated with relative motion of the pore fluid
and mineral frame, and local fluid motion at intergranular contacts.
The model predicts that compressional wave velocity will be largely dependent on porosity.
"
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permeability, frequency and frame moduli. Shear wave velocity will be primarily a function of
the shear modulus of the frame (largely dependent on porosity and intergranular stress).
2.5.2 Electrical Properties of Sediments.
Over the last few decades a considerable amount of research has focused on geoelectrics. This
has been largely motivated by the continuing need to improve techniques for site investigations,
associated with hydrocarbon exploration and groundwater evaluation; and the realization that
electrical resistivity sounding can provide a cost-effective, non-destructive method for
determining characteristics of sedimentary materials.
The measured resistance, Ro' of a uniform conducting material is directly proportional to the
current pathlength, L, and to the inverse of the available area for conduction normal to the
direction of current flow, a. This geometrical relationship is defined by a constant of
proportionality, termed bulk resistivity, Po ' as below.
L
Po-
Q
= 2.26
Where F is a geometric factor. The resistivity of a material is equal to the inverse of its
conductivity.
As has been previously discussed, saturated sediments, in the simplest representation, can be
considered to consist of two interpenetrating media (a pore-fluid matrix and a mineral frame)
with complex geometries and widely differing physical properties. The bulk resistivity of such
materials will be a function of the resistivites of the two phases and their relative volumes and
shapes. The mineral frame of a marine sediment is generally insulating, and electrical conduction
is via free ions in the saline pore-fluid. An analogy can thus be drawn between fluid flow and
electrical conduction. This analogy has been mathematically proven by Brown (1980) who
shows that, for a rigid, non-conducting, porous solid filled with an incompressible conducting
fluid, both types of flow satisfy the same differential equations.
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Measurements of sediment bulk resistivity, Po , can be reduced to a dimensionless form by
dividing by pore water resistivity, Pw' to give the formation factor. FF (Archie. 19'+2).
FF = 2.27
This removes the effect of varying pore-fluid resistivity, providing a parameter which offers some
description of the character and interconnection of the sediment pore space. Kermabon et al
(1969) have shown formation factor to be constant for artificially prepared sediments of constant
porosity and varying pore-fluid salinity. This implies that formation factor truly represents a
structural characteristic of the sediment.
The idealized situation discussed so far is not a true representation of electrical properties for
many saturated sediments: conduction can also take place through the sediment frame. via free
electrons in metallic minerals, and along the solid/fluid interface. This interfacial. or matrix.
conduction is due to the presence of exposed ions at grain surfaces which attract counterions
from the pore-fluid. This produces a conductive blanket of densely packed ions known as the
'diffuse double layer' (see Chapter 1). Conduction via the double layer is a function of the
concentration and mobility of ions contained within. Bikerman (1970) proposes that this is
approximately proportional to CJ.5, where C is the molar concentration of the pore-fluid.
The double layer becomes compressed as the ionic concentration of the pore-fluid increases, so
that matrix conductivity is inversely related to pore-fluid salinity. Maximum interfacial
conductivity will occur at a very low salinity, below which there are insufficient ions in solution
to form a double layer. A temperature dependence also exists: ions at higher temperatures
possess more kinetic energy and are less strongly influenced by electrostatic fields (Dyer, 1986).
The interfacial conduction phenomenon is of most importance to sediments with a high clay
mineral content. and is only significant in sands at very low salinities.
Using a 'parallel resistor model', the measured resistance. R", of a sediment body can be
considered to be the sum of the various contributing factors (Patnode and Wyl lie, 19)0):
)
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where R; and R; are the resistances of the pore-fluid phase and the mineral frame respectively.
and Rm is the the resistance of the interfacial ionic layer.
A distinction must be made between apparent formation factor FF which is the measured
, app'
resistivity ratio for a sediment, and intrinsic formation factor. FF j • Apparent formation factor is
a function of many parameters, including the resistivities of the pore-fluid, the mineral frame and
the surface conducting layer, sediment porosity, and geometry of the pore space. Intrinsic
formation factor depends only upon the relative volume and shape of the pore-fluid matrix; in
more specific terms it depends on porosity and tortuosity (Jackson et al. 1978).
Pfannkuch (1969) provides an expression relating the apparent and intrinsic formation factors,
given below:
FF =
app
1 +
FF.
I 2.29
where Pw' Pg, and Pm are the resistivities of the pore-fluid, the mineral frame and the interfacial
layer, respectively: Til is tortuosity; and Sp is the specific internal pore area, defined as the total
interstitial surface pore area per unit volume. If the mineral frame is composed primarily of
nonconducting grains the second term in the denominator becomes very small and can be
disregarded. The expression reduces to:
)
FF =
app
FF.
I 2.30
When the resistivity of the pore water becomes small, as in the case for sediments saturated with
seawater, the ratio pJPm becomes small and can be neglected. The apparent, or measured,
formation factor then approaches the intrinsic formation factor (Urish, 1981).
Measurements of FF have been used extensively for the prediction of sediment porosity. This
can usually be accomplished through use of Archie's Law (Archie, 1942: Winsauer et al. 1952:
Atkins and Smith, 1961; Boyce, 1968; Kermabon et at, 1969, Taylor Smith, 1971; Erchul and
Nacci, 1972; Windle and Wroth, 1975; Jackson, 1975, 1978; Lovell, 1984). This empirical
relationship was originally derived for sandstone formations but is equally valid for
unconsolidated sands and is given as:
FF = n:" 2,31
where m is a constant for any particular sediment known as the 'cementation index'. Winsauer
( 1952) extended this equation to cover clay rich sediments:
FF = an-m 2.32
where a is also a material specific constant. Atkins and Smith (1961) have demonstrated that a
combination of two populations of particles, each obeying Archie's Law, leads to a combined
relationship in the form of Winsauer's equation. When sediments are not fully saturated the
degree of saturation, S; will effect the FF-n relationship. For compacted clays it has been shown
that measured resistance decreases as S, increases at constant moisture content; with the trend
being more pronounced at low moisture contents (McCarter, 1984). It is possible to combine
Archie's Law with a term that takes the degree of saturation into account (Wing, 199'+).
It has been empirically and theoretically shown that the exponent m in Archie's Law is dependent
on particle shape; increasing in value as sphericity decreases and grains become more plate-like
(Wyllie and Gregory, 1953; Atkins and Smith, 1961: Jackson et al 1978; Mendelson and Cohen,
1982). Values range from 1.2 for spheres to 1.9 for shell fragments, or even higher for some clay
minerals. Jackson et al (1978) have illustrated that, for a mixture of sand and shell fragments,
the cementation index is proportional to shell content. They also show that 111 is not affected by
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mean grain size or grain size distribution, and suggest its use as a measure of sediment tortuosity.
Archie's Law is best employed to provide a unique equation for any individual sample. When
considering a range of sediment textures the FF-porosity dependence is often best described by
a third degree polynomial (Kermabon et al, 1969; Lovell, 1985).
If an analogy is thought to exist between electrical flow and fluid flow then relationships between
formation factor and permeability should be considered. As for FF-n relationships. it has been
demonstrated that plotting FF versus permeability on a log-log scale produces linear trends for
sand and clay samples (Lovell, 1985). The relationship below is suggested for use in sands.
2.33
Where k is permeability; C/ = h//1(.; h, is the hydraulic radius; and 1(. is a shape factor (2 to 3).
The exponent x is a material dependent constant which increases with decreasing sphericity of
the mineral grains, and an increasing spread of sizes. A relationship has been suggested between
x and the exponent m in Archies Law (Brace, 1977, in: Lovell, 1985). The coefficient C/ is a
function of the pore size, increasing as the pore volume increases; it has been shown to increase
with decreasing sphericity of the grains and decreasing spread in the grain size spectrum. For
clay samples the dominant effects on the FF-permeability relationship may be connected with
particle arrangements and the adsorption properties of the mineral grains. Lovell (1985) proposes
that empirical equations relating FF to permeability allow predictions of permeability to within
one order of magnitude.
Sen ct al (1981), using an 'effective medium model', have made a theoretical investigation of
resistivity in materials for which matrix conduction and conduction via the mineral grains can
be neglected. They show that this model yields Archie's Law. Mendelson and Cohen (1982)
have extended this theory to consider various particle shapes. Theorectically derived values of
the exponent m show good agreement with empirical observations. The Sen model also suggests
that formation factor is not strongly dependent on grain size or size distribution. but on porosity
and grain shape; as has been empirically confirmed by Jackson et al (1978). \:0 detailed
microscopic 1110del has been developed which can adequately predict the electrical properties of
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sediments in which matrix conduction is significant. Work in such materials therefore remains
largely empirical.
2.5.2.1 Summary.
It has been illustrated that, within certain limits, Archie's empirical Law can be successfully used
to describe formation factor-porosity relationships for many saturated sediments. Since Archie's
Law does not account for matrix conduction its use is restricted to relatively clay-free sands, or
sediments with highly saline pore-fluids. For such materials it has been shown that FF is
primarily dependent on porosity and particle shape. These parameters govern the relative size
and geometry of the void space in a sediment. Empirical relationships between formation factor
and permeability can also be derived.
Archie's Law may be less applicable to materials with structural heterogeneity, such as sediments
containing biogenic structures. The directional dependence of formation factor may have to be
consider in the case of anisotropic sediments.
2.5.3 Shear Strength of Sediments.
Shear strength is one of the most important parameters in soil engineering problems, being
fundamental to slope stability and bearing capacity. To the sedimentologist measures of shear
strength may be of value since the same sediment properties influencing shear strength may also
playa role in governing the resistance of a bed to erosion. Most of the following review is
derived from the geotechnical literature (eg. Bishop, 1966~ Head, 1981 ~ Smith, 1990), where
shear strength is a well established parameter. Since only the simple vane test was employed
during laboratory analyses the following discussion is brief, and a review of Mohr strength theory
(eg. Bishop, 1966) or critical state theory (eg. Schofield and Wroth, 1968) was not considered
appropriate. For much of this synopsis it has been convenient to divide sediments into two end-
member groups (cohesionless sands and cohesive clays), since this simplfies the theory and
reflects the divisions used in most geotechnical reviews. Unless stated, this discussion deals with
saturated sediments.
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The shear strength of a sediment is the maximum resistance it can offer to shear stresses before
it fails, by either plastic deformation or along a slip surface. This value will greatly depend upon
the testing method employed. Through many years of geotechnical testing it has been empirically
shown that shear stress at failure, t f , (i.e. shear strength) is well represented by Coulomb's Law
(Terzaghi and Peck, 1967):
l.f = Cc + a' tandi, 2.34
where c( is apparent cohesion; a' is effective normal stress acting on the failure plane; cPr is the
angle of shearing resistence (or internal friction). This equation represents a straight line known
as the 'failure envelope'. It was first stated by Coulomb in 1773 and has since been modified to
account for effective stresses.
The term c accounts for internal forces holding grains together. It is usually considered important
in fine-grained materials bonded by electrostatic forces, but will also be important in coarse-
grained sediments cemented by biological or chemical agents.
The concept of effective stress was first introduced by Terzaghi (1925 in: Smith, 1990), who
realized that when a load is applied to a saturated sediment it may be carried by either the mineral
frame or the pore fluid, or a combination of both. The effective normal stress, a', can be given
by:
)
a
,
a - u 2.35
wherea is total normal stress and II is pore fluid pressure. For a partially saturated sediment
Bishop ( 1954) suggests the relationship:
)
2.36
where the subscripts a and \I' denote the pore pressures in the gas and liquid phases, respectively:
and X is related to the degree of saturation.
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The term tandi, is analogous to the coefficient of friction. Consider a block resting on a smooth
horizontal plane and being acted upon by a tangential force, Hr, and a normal force. N; The ratio
HI/Nt is equivalent to tan«, , where a r is termed the angle of obliquity. If the tangential force
is increased until the block just begins to move tan«, reaches a limiting value denoted by tandi;
Hence the frictional resistance to sliding is Nr tandi; The angle of shearing resistance will
depend on the shape, surface texture and size distribution of grains. their packing configuration.
and previous stress history of the deposit. It can be seen from Coulomb's equation that the
frictional component of shear strength is non-existent when the normal effective stress is zero.
Measured shear strength will largely depend on the drainage conditions of the test apparatus and
on the rate of loading in relation to sediment permeability. These factors will determine the
influence of pore pressures on the effective stress state of the test material. Coarse-grained
sediments, such as sands and gravels, are highly permeable, and when subjected to an applied
load drainage is virtually instantaneous unless restricted in some way. This means that pore
water pressures are immediately dissipated and intergranular pressure is equal to the applied
stress. The shear strength of a cohesionless sand (i.e. c( = 0) will depend on the same factors
governing the angle of shear resistance. For any particular sand the only important variable is
the packing of grains (expressible in terms of porosity or void ratio).
A relatively dense sand will dilate when subjected to shear due to grains riding up and over the
shear plane. If the sand is free draining this will result in additional water entering the pore
space, but if drainage is in some way inhibited then negative pore pressures will be induced and
the shear strength will increase. A shear stress-shear displacement plot (see Fig. 2.1) will
indicate a sharp rise to a peak shear strength, followed by a decrease to an approximately constant
stress value termed the residual shear strength. The excess of the peak over the final value (E)
represents the work required to produce vertical movement of grains due to dilatancy.
A relatively loose sand responds to shearing stresses in an opposite manner. The open structure
will collapse resulting in contraction and the expulsion of pore waters in free draining conditions.
If drainage is restricted pore pressures build up resulting in a strength reduction. The shear
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stress-displacement curve (see Fig. 2.1) will show a gradual increase to a peak, constant value:
equivalent to the residual strength measured for the sand in its densely packed state. After
shearing the void ratio for both dense and loose sands will approach a common value.
If a sand is lightly cemented by biological or chemical agents then the Coulomb failure envelope
will consist of two straight lines (see Fig. 2.2), the first having a cohesion intercept ( c, ) and a
relatively small angle of shearing resistance, and the second having no cohesive component and
a larger value of <Pr. The change in gradient occurs at the stress level at which the cementing
agent breaks down. The second equation describes the Coulomb envelope for an uncemented
sand.
For fine-grained cohesive sediments shear strength will be affected by the factors governing
cohesion, such as clay mineralogy and water chemistry, as well as the factors governing <Pr.
Biological processes will also playa large part in controlling cohesion. This is an influence that
is often overlooked by the engineer. As cohesive sediments generally possess low permeability.
the rate of shear displacement is particularly important. Shear strength tests can be classified as
either 'quick', during which there is insufficient time for pore pressures to dissipate, or 'slow',
during which pore pressures are allowed to dissipate.
During a quick (undrained) test, such as the shear vane, the pore pressure in a clay sample will
not dissipate and the effective stress will be zero. The shear stress at failure should be constant
(irrespective of total normal stress) and equivalent to the cohesion. For an 'intermediate' soil
type, such as a sandy clay, some drainage of pore waters may occur and the shear strength will
have a cohesive and a frictional component. being a linear function of the total normal stress.
During a slow (drained) test the effective stresses will equal the applied stresses and a clay
sample will possess a Coulomb envelope similar to that of a cohesionlcss sand. being an
approximately linear function of normal stress and having a zero intercept.
For ovcrconsolidated clays (i.c. those which have, at some time in the past, been subjected to
pressures greater than the existing overburden pressure) the Coulomb envelopes are ~enerally
)
more complicated: for both drained and undrained tests there will be a cohesive intercept, and
the relationship of shear stress at failure to normal stress will have some degree of non-linearity.
Normally consolidated clays may indicate small overconsolidation effects due to the relieval of
pressure during sampling. Overconsolidated clays will tend to dilate during shear and normally
consolidated clays will tend to consolidate.
As for sands, clays may possess residual strength. The stress-strain curve will exhibit an
increase to a peak value followed by a decrease to a constant, lower value, which is the residual
strength. This is associated with a reorientation of sediment grains from a relatively random
arrangement to an arrangement parallel to the shear plane. Another useful concept in engineering
is the sensitivity of clays. That is the ratio of undisturbed, undrained shear strength to the
remoulded (disturbed), undrained shear strength, at the same moisture content.
2.5.3.1 Summary.
The preceding discussion illustrates how shear strength incorporates a cohesive and a frictional
component, and is highly dependent on the measurement technique; particularly the drainage
conditions and shear rate in relation to sediment permeability. Of interest to this study is the
observation that the vane shear test is a 'quick' strength test that, for a saturated, normally
consolidated clay, will give a value for cohesion. For other materials the strength value will also
be dependent on a frictional component which is a function of the normal stress.
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CHAPTER 3.
Field Site Characteristics.
This chapter provides a description of the area of seabed chosen for study. with background
information on the sedimentological, hydrographic and benthic characteristics.
3.1 Geographical Location, Bathymetry and Sampling Grid.
The study area is located in the central north-eastern Irish Sea. just north of the Morecambe Bay
gas fields, and approximately 10 km west of the Barrow-in-Furness coastline (see Fig. 3.1).
Water depths range from about 16 to 25 m. Figure 3.2 illustrates the bathymetry. Depth values
were taken from ship's echosoundings, recorded during a grab sampling survey, and corrected
for tidal fluctuation. The most shallow waters are found in the north-east. Water depth increases
towards the west and south.
The area was originally divided into a 4.5 x 2 mile grid of 50 equally spaced stations. centred on
54°08'N 03027'W. Stations were arranged into five north-south lines of 10 labelled from A to
E, with the A line being the most westerly (offshore). After the first two cruises to the site it was )
realized that sampling points in muddier sediments would be required, and two further lines, X
and Y. were added to the western side of the grid, with the Y line being the most offshore. The
final limits of the study region were approximately 54°05.8'N to 54()10A'N and 3()25.3'W to
3()30.7'W.
Figure 3.3 illustrates the final grid arrangement using British National Grid coordinates. Station
positions are calculated from the ship's GPS readings, recorded during grab sampling for a grain
size survey (see below). Grain size analysis and carbonate content determination was performed
on samples collected from tracks Y to C (filled boxes). but not for samples from tracks 0 and E
(empty boxes).
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~Fig.3.1 Geographical location of study area,
and sediment distribution in the central north-eastern Irish Sea.
Third Party Copyright material excluded from digitisation.
Please refer to original text to see this material.
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3.2 Sediment Texture.
3.2.1 Introduction: Background, Sampling and Analysis.
Cronan (1969) investigated the distribution of surficial sediments in the central north-eastern
Irish Sea, over an area between the Isle of Man and the English coast (Fig. 3.1). A fining
sequence was observed from the south-west to the north-east; with coarse angular gravels in the
west grading into well sorted sands in the centre of the area, followed by muddy sands and sandy
muds within about 10 to 15 miles of the Cumberland coast. Nearer to the mainland sediments
were found to become coarser, with well sorted sands off the coast of Barrow-in-Furness. The
study area associated with this project lies roughly on the boundary between muddy sands and
sand delimited by Cronan (1969), to the north-west of Morecambe Bay.
A more concentrated sampling regime was implemented in order to plot variations in sediment
texture across the study area with greater resolution. Samples of surficial sediment were obtained
using a Day Grab (maximum excavation depth = 0.1 m). Samples were taken from stations along
the A, Band C lines during a cruise in late April 1993, and were processed as part of an
undergraduate project (Heaton, 1994). Further samples were collected from the Y and X lines
during a cruise in late June 1993, after these additional tracks had been added to the grid (Fig.
3.3). Although different operators processed the two sets of samples, procedures were
standardized and the same techniques were adopted. The Folk and Ward (1957) graphical
method was used to compute grain size statistics. Textural statistics were imported into the
U.W .B. Unimap package, and plotted as contour maps illustrating their distribution over the
study area. Full details of grain size analysis procedures are given in Chapter 6.
3.2.2. Textural Parameters and their Distribution.
Figure 3.-1- illustrates the pattern of variation in coarse fraction content (material greater than
63p m in diameter), which had a range of values between 19('/r and 98~(. This component was
almost entirely sand; gravel being absent from nearly all stations, with the exception of the
extreme south-west where concentrations of a gravel-sized shell fraction reached 4.7%. Based
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on this knowledge, the reader should note that in the forthcoming text, unless stated otherwise,
the term 'sand content' should be interpreted as the 'total coarse fraction content'. An obvious
decrease in coarse fraction content can be seen from north-east to south-west. This pattern is
very similar to that obtained for mean grain size (Fig. 3.5), which ranged between 2,4¢ and 6.9¢.
Linear regression analysis indicates that 90% of the variation in mean diameter could be
explained by variation in coarse fraction content. The most obvious difference between the two
plots is a southward reduction in mean diameter in the south-eastern part of the survey area,
which is less well defined in terms of sand content.
Figure 3.6 illustrates variation in the graphic standard deviation, used to describe sediment
sorting; with values ranging between 0.3¢ and 3.5¢. Poorly and very poorly sorted sediments
resided over most of the area, with the level of sorting decreasing from the north-east to the south
and south-west. The only well sorted deposits were found in the very north-east, where fines
comprised less than 5%. Decreasing sediment sorting was related to decreasing mean grain size
(r = 0.81).
Values of skewness are depicted in Figure 3.7, indicating grain size spectra skewed towards fine
sediment fractions over the entire area, except at station C 1 in the extreme north-east, where
near-symmetrical materials were discovered. Values ranged between O¢ and O.9¢. Skewness
increased from north-east to south-west into a central band of strongly fine-skewed sediments,
after which values decreased with local areas of fine-skewed sediment being situated in the
south-west. Sediments were most strongly fine-skewed in the north-west and south-east.
Figure 3.8 illustrates variation in the proportion of coarse (>63/Jm) carbonate material (expressed
as a percentage of total dry sample mass). Relatively uniform concentrations of around 5% were
present over the eastern half of the region. Values decreased to a minimum in the mid-west. and
increased to a maximum in the south-west. Low values in the mid-west correspond to low
proportions of sand, and high values in the south-west are indicative of a gravel-sized shell and
she II fragment component.
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3.2.2.1 Population 'Splitting'.
Sedimentary deposits are commonly considered to be mixtures of one or more loz-norrnal sub-
<-
populations, with each population being distinguished by its modal grain diameter and standard
deviation. Spencer (1963) suggested that all clastic sediments were a mixture ofjust three or less
grain size populations, and defined the range in modal diameter for each. Moss (1972) devised
the conventional model, which assumes a sediment to be comprised of a dominant modal
population making up a stable framework, combined with one or more coarse and fine sub-
populations. Coarse grains are randomly distributed throughout the framework causing localized
distortions in packing, and fine grains are contained in the pore space of the framework. If the
concentration of either a coarse or fine sub-population exceeds a critical level. it will begin to
affect the framework, and secondary frameworks may develop.
Cronan (1969) suggests that sediments within the central north-eastern Irish Sea possess grain
size spectra which agree well with the hypothesis of Spencer (1963), although the ranges in
modal diameter were found to be somewhat broader. Most of Cronan's samples were bimodal
mixtures of either sand and gravel or sand and silty-clay, with the exception of some unimodal
sands.
By visual examination of grain size frequency plots for samples from the study area, an attempt
was made to split grain size spectra into sub-populations, and define associated modal diameters.
Although such an investigation is prone to subjectivity, it was considered to be worthwhile since
it can help explain, and provide additional information to, the grain size statistics.
Sediments sampled in central and eastern areas (lines A, B and C) generally consisted of a
dominant sand population with admixtures of silt and clay. Typical grain size frequency plots
are presented in Figure 3.9. The most commonly occurring sand modes were fine, with phi
values of around 2.3, 2.6 and 2.8. In many cases maxima corresponding to both a silt and clay
population were recognized; with silt modes generally existing at around 4.1<1>,5.6<1>,6.3<1> and
7.2<1>. and clay modes occurring between 9.8<1> and 12<1>. In all cases samples appeared to consist
of just two or three modal populations.
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Fig. 3.9 Typical grain size spectra for samples from lines A, Band C.
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Fig. 3.10 Typical grain size spectra for samples from lines X and Y.
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Typical grain size frequency plots for samples collected from lines X and Y are presented in
Figure 3.10. Samples from the north-west (YI to Y5 and XI to X5) tended to be bimodal,
consisting of a mixture of sand and silt. The most common sand modes were around 2.6<1> and
2.9<1>, and the most common silt modes occured at approximately 4.8<1> and 5.5<1>. Further south,
grain size distributions were more complex, with a greater number of populations becoming
visible, and the relative dominance of any single population becoming less well defined. In many
cases a fine sand population was visible, together with a very fine sand-coarse silt population of
comparable dominance. Other silt modes were observed, particularly at around 4.8<1>. 5.8<1> and
7.2<1>, but distinguishable clay modes were not well defined. In the extreme south-west a coarse
mode of around -2.4<1> was present, corresponding to an angular shell population.
A logical step forward would be statistical analysis of the various modal populations. To
simplify matters, and to prevent ambiguity over choosing correct 'cut-off points. grain size
spectra were divided into the coarse (>63/lm) and fine «63/lm) fractions. and Folk and Ward
(1957) statistics were computed for each.
The variation in mean diameter of the coarse fraction is illustrated in Figure 3.11; having a range
of values between 2.1<1> and 3.7<1>, and showing a similar pattern to variation for the combined
sample (Fig. 3.5), with particles becoming finer from the north-east to the south-west. The
coarse component was at least well sorted over more than half of the survey area: being very
well sorted in the north, where values were as low as 0.2<1>, and becoming less well sorted
towards the south and south-west. A rapid decrease in sorting occurred in the far south-west,
where the coarse fraction was poorly and very poorly sorted. This corresponds to an increase in
the concentration of a coarse shell fraction. which is also evidenced by strongly coarse skewness
(as low as -0.9<1» in this area. Skewness values were somewhat 'patchy' but did indicate near-
symmetrical sands over most of the east. Elsewhere much of the coarse fraction was fine- and
strongly fine-skewed, with values reaching 0.6<1>.
Mean diameter of the fine sediment fraction (Fig. 3.12) ranged from 6.-+<1> to 11 <1>, and displayed
an almost reverse trend to that seen in plots of mean grain size for the combined sample and the
6-+
coarse fraction: grains became coarser from east to west; being finest in the north-east, where
the lowest concentration of fines occurred. This pattern is the manifestation of a reduction in the
silt.clay ratio as sediments become coarser. This ratio was generally < 1 in the east and <0.35 in
the north-east. Values increased towards the west, with 5 being the maximum. Correlation of
mean diameter of the fine fraction with silt:clay ratio gives r=0.82. This relationship is more
linear if the grain size in mm is used (r=0.95).
The fine fraction was poorly to very poorly sorted over the entire study area, with values ranging
between 1.8<1> and 3<1>, and having quite a 'patchy' distribution. The most poorly sorted mud
components occured in the far north-east. Values were relatively low (1.8<1> to 2.1 <1» over a large
central area, and high in the south-west (2.2<1> to 2.6<1».
The fine fraction was coarse- to strongly coarse-skewed in the east; the lowest values being
around -0.4<1>. Sediments became fine-skewed in the centre of the area, and generally fine- to
strongly fine-skewed in the west; although quite a patchy distribution existed, with a number of
near-symmetrical stations, particularly along the X line.
In summary, a fining sequence was observed from the north-east to the south-west, with
sediments grading from well sorted, near-symmetrical sands, through muddy sands, and into
sandy muds. Mean grain diameter was largely a function of the concentration of coarse material;
this being entirely sand, except in the far south-west where a gravel-sized shell fraction existed.
Excluding the extreme north-east, sediments were poorly to very poorly sorted, and skewed
towards the fines. Sorting tended to decrease with deceasing grain size.
Grain size spectra can be split into two components: sands (and gravels) and muds. Mean size
of the coarse fraction varied in a manner similar to that for combined sample data, decreasing to
the south-west. The coarse fraction was generally moderately well to very well sorted, but
became poorly sorted in the south-west (due to the gravel-sized shell component). Skewness was
quite variable, but was strongly coarse in the south-west. and near-symmetrical over much of the
east.
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Mean size of the mud fraction displayed an increase from east to west, corresponding to an
increase in the silt:clay ratio. Fines were poorly and very-poorly sorted, and generally coarse-
'- .
skewed in the east and fine-skewed in the west.
3.2.3 Sedimentary Processes and Sediment Provenance.
Continental shelf sedimentary regimes incorporate a complex interaction between Quaternary
history, sediment origin, and dynamic processes. Sediment dispersal and deposition on the
continental shelf of North-West Europe is primarily controlled by the action of tidal currents and
waves (eg. Draper, 1967). The input of modern material in this region is small and localized,
particularly around the U.K. Sedimentary systems are largely autochthonous, with relict glacial
and fluvioglacial material being reworked,
With a consideration of source material, the distribution of sediment at the sea floor can generally
be related to the prevalent energy conditions. With increased input of energy sediments pass
through various stages of maturity, characterized by progressive removal of fine material and
increased sorting. Throughout the Irish Sea, examination of directions of decreasing grain size
and orientations of large bedforms (sand waves and ribbons), has indicated sediment transport
paths congruent with the directions of the strongest residual tidal currents (Belderson, 1964;
Belderson and Stride, 1969). In the central north-eastern Irish Sea, Belderson and Stride (1969)
have noted near-bottom residual tidal currents flowing most strongly from west to east, and
decreasing in velocity in the same direction. This corresponds well with the sediment
distribution plotted by Cronan (1969: see Fig. 3.1), suggesting that, over most of this area, the
sedimentary regime is tide-dominated.
The results of this study indicate an anomaly to the trend described above, which is confirmed
by Cronan (1969); with sediments close to the Barrow-in-Furness coastline increasing in mean
gr.un size and sorting from south-west to north-east. The strongest near-bottom tidal currents
in this area differ in direction from the rest of the central north-eastern Irish Sea, flowing almost
parallel to the coast from south-east to north-west. The sediment distribution does not retlect the
expected transport paths associated with the tidal currents, but is closely related to the
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bathymetry: sediment becomes finer and less well sorted as water depth increases. suggesting
that this area of the shelf is graded by wave action.
The shelf is gently sloping in the study area, with a drop in elevation of about 1 m for eyery 400
to 500 m, from depths of approximately 16 m in the north-east to around 25 m in the west. A
wave refraction programme designed at SOS, using a typical wave period of 8 s and the dominant
south-westerly wind direction, indicated that the bathymetry did not cause any unusual refraction
patterns, with wave energy being uniformly spread over the study area. Wave energy impinging
on the bed is therefore a function of its attenuation with water depth.
The Irish Sea was severely glaciated during the Pleistocene. Glacial movements transport
sedimentary materials in a 'bulldozer-like' fashion, producing deposits of boulder clay which are
very poorly sorted, containing all grain size types. Such deposits are thought to constitute the
source material for the superficial sediments of the study area. This is evidenced by cores taken
in the central north-eastern Irish Sea which have indicated boulder clay underlying the surficial
sediments (McQuillin et al, 1968). Much of the material present over the survey area may be
derived from glacial debris deposited to the south-west of the Isle of Man, where Cronan (1969)
finds gravels. These gravels are probably lag deposits, formed from the removal of finer
materials which have been transported and deposited to the east. A less significant, modern, fine-
grained component may be derived from northward drift of material entering Morecambe Bay.
3.3 Benthic Community.
As part of an M.Sc. project (Mitchell, 1993) grab samples were taken, during a cruise in late June
1993, frOITI 15 stations within the coordinates 54°0TN to 54°09N and 3037W to 3030W. which
covers much of the study area. These samples were used for an examination of benthic
macrofauna (animals retained on a 1mm screen).
Mitchell ( 1993) identified a total of 90 species, producing a species list similar to those obtained
by other investigators in nearby areas: off the Cumberland coast (Jones, 1952); off Sellafield
(Swift. 1973): around the Morecambe Bay gas fields (Rees et al, 1990). She classifies the
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benthic community as an Amphiura muddy sand type, which is typical for much of the
Morecambe Bay area of the Irish Sea (Rees, 1990). The most dominant species were found to
be the Brittle Star Amphiura filiformis, and the small bivalve Mvsella bidentata: the combined
- ,
numbers of which accounted for more than 50% of the total. Due to its large size, the Heart
Urchin Echinocardium cordatum contributed a large proportion of the biomass.
Amphiura filiformis is a suspension feeder which inhabits burrows just below the sediment
surface from which it rarely moves. It uses its arms to transport sediment and waste, and to
ventilate its burrow. Up to three arms extend from the surface to trap food particles. Mvsella
bidentata is often associated with Amphiura, with which it is thought to have a commensal
relationship: it presumably makes use of irrigation of the burrows, which allows filter feeding
to greater depths (Swift, 1973).
Mitchell (1993) suggests that the large numbers of small predators (eg. Lumbrineris sp.) she
discovered, together with the existence of large crustaceans (eg. Goneplax rhomboides and
Callianasa subterranea), indicates a "reasonably productive" sea floor. The mean number of
individuals per rrr' appears to have increased significantly, compared to an investigation
performed 40 years ago: Mitchell (1993) gives values of 26800 per rrr', whereas Jones (1952)
obtained values of 1277 per rrr'. This may reflect progressive eutrophication with time.
The fauna of the area is typical of a well aerated 'normal' (i.e. non-enriched) sediment, and is
likely to cause extensive sediment reworking, particularly in the upper 5 em of the bed. The
discovery of compacted mud tubes by Mitchell (1993) provides evidence of the selective
redistribution of material: with inner tube edges having higher sand contents than the surrounding
sediment.
The existence of large burrowing crustaceans found by Mitchell (1993), indicates that biological
restructuring of the bed may be important up to depths of a few decimetres. Goneplax
rhomboides, for instance, constructs linear burrows with two entrances, which have vertical and
horizontal dimensions of 15 em and 50 ern, respectively. Upogebia de/laura and Callianasa
subtcrranca both construct burrows to depths of around 45 cm. A grab survey is likely to
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underestimate the abundance of such organisms due to their sparse population with respect to
sample size, and because of burrowing below the excavation depth of the grab.
Measures of diversity are used by ecologists to describe biological richness, in terms of numbers
of individuals and species. Mitchell (1993) used Shannon diversity and Pielou's eveness indices
(Gray, 1981) to examine diversity and dominance in the macrofaunal communities of the study
area. She identified trends using Bray-Curtis similarity indices and principal component analysis.
A trend of reduced species diversity and increasing dominance was observed from sandy stations
(with high faunal numbers) in the north-east, to the muddier stations (with low faunal numbers)
in the south-west. This was with the exception of her most south-westerly station (in about the
same location as X8), which was classified as an outlier (i.e. not significantly related to any other
station) and, although faunal numbers were low, had diversity and eveness similar to eastern
stations.
3.4 Summary.
This sudy investigated an area of seabed close to the Barrow-in-Furness coastline, with mean
water depths of approximately 20 m. Sediment here is graded by wave action, and variation of
grain size is closely related to the bathymetry. A fining sequence was observed, with sediments
grading from well sorted sands in the north-east, to sandy muds in the south-west. The benthic
community is dominated by the Brittle Star Amphiurafiliformis, and the small bivalve Mvsella
bidentata. Due to its large size, the Heart Urchin Echinocardium cordatum constitutes a large
proportion of the biomass.
CHAPTER 4.
Seabed Coring and Core Logging Apparatus.
4.1 Introduction.
Most of the work associated with this project involved the collection and analysis of core
samples, in order to gain a physical and biological characterization of the site sediment. This
chapter considers the development of apparatus for the measurement of physical sediment
parameters. It is divided chronologically with respect to the core sampling and logging
procedure. It begins with an examination of the core sampling device and follows with a
discussion of the core testing chamber, and the equipment used for the measurement of
compressional wave velocity, electrical formation factor, shear wave velocity, and shear strength.
4.2 Seabed Sampling: The Sediment Midicorer.
From a review of the large range of sampling devices available, it was established that a sediment
multiple corer would best satisfy the objectives of the study. The advantages of multicorers over
other devices are as follows:
1. They collect relatively undisturbed samples of the seabed.
2. They are able to collect a number of cores simultaneously.
3. The sediment-water interface remains intact.
4. Core tubes are manufactured from transparent perspex, allowing visual evaluations
without the need to extrude samples.
5. Corers can be custom built to satisfy specific requirements.
Consequently, the Midicorer Mark 1-400 was built by, and purchased from, the engineers
Bowers and Connelly, of Dunstaffnage, Scotland (Fig. 4.1). This corer uses four core tubes, 0.6
m in length and approximately O. 1 m in diameter, which are driven into the seabed by the weight
of the corer head and attached lead weights. If full penetration is achieved sediment cores of 0--+
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m in length are obtained, with the remaining core space containing supernatant water. The rate
of core penetration is regulated by an hydraulic damper to about 0.05 ms', and an intricate top
and bottom closing mechanism is designed to retain cores.
4.2.1 Configuration and Operation.
The total weight of the corer is 185 kg, with the frame weighing 90 kg and the head and drop bars
weighing 95 kg. 4x 15 kg and 12x20 kg lead weights can be attached to the head to aid the
insertion of core tubes into sediment.
The 'bell-like' corer frame is constructed from 25 mm solid, stainless steel bar with 19 mm
reinforcing struts; it has a bottom diameter of 1.2 m and a height of 1.5 m. The frame top plate
has two guide holes through which pass drop bars connecting the damper head plate and top
plate, which carries the lifting eye. A latch on the frame top plate holds the corer in its 'up'
position after samples have been taken, to avoid multiple sampling of the seabed. In the 'up'
position the corer has a total height of 2.28 m, and when lowered the total height is 1.65 m.
A hydraulic damper is positioned below the frame top plate and consists of a stainless steel
cylinder and piston. The cylinder floods via holes at its base, with a non-return valve containing
the fluid. Once the corer is on the seabed its weight drives the cylinder down and the internal
water is forced out through an 8 mm hole which restricts flow rate, and therefore the penetration
rate of cores. Bolted to the lower end of the damper is the lead bronze head. This carries
studding, to accommodate the lead weights, and square section lengths of stainless steel bar
which hold mounting pins for the tube carriers.
The core tubes are held, by sliding retaining rings. In earners which house the closing
mechanism. These carriers are basically open fronted boxes with a top cap, and a rod, passing
through the top and bottom boards, carrying a sliding bottom closer. The carriers slide over
mounting pins on the head and are held in place by drive blocks, screwed into the head.
The corer is ready for deployment after each core tube has been fixed in position and the closing
71
Fig. 4.1 The Sediment Midicorer.
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mechanisms set for firing.
After deployment of the corer it is allowed to sit on the bed for a about a minute. to obtain full
penetration before being withdrawn. When the warp starts to withdraw the corer, the top caps
shut and this releases the rods carrying the bottom closers. The bottom closers then drop to the
sediment surface, and sit there until the cutting edges of the tubes reach the bed level. At this
point the shutters are pulled across by linear springs beneath the base of the core tubes. The latch
on the frame top plate then shuts holding the corer in the 'up' position.
4.3 Core Logging Apparatus.
4.3.1 The Midicore Analysis Frame.
It was originally proposed that measurements of sediment geophysical properties should be made
without removing cores from the core tubes. It was soon realized that this would be technically
difficult, and very expensive: cores would therefore need to be extracted. Consequently, designs
were formulated for the construction of a core testing frame. The main design criteria were as
follows:
1. The framework must house some sort of testing column allowing profiles of shear wave
velocity and electrical resistivity to be measured.
2. To minimise disturbance of soft interfacial sediments, cores should remain vertical.
3. The core level within the testing column should be variable.
4. The dimensions of the framework must not exceed those required for its installation into
the laboratory of the research vessel, Prince Madog.
During early cruises it had been observed that, if the bottom and top catchers were released, cores
would fall from the core tubes under their own weight. The core testing frame was designed
around this principle: cores, retained in their tubes by a bottom catcher. would he attached to the
top of a frame where they would be released and lowered into a testing column. A plunger,
attached to a length of threaded rod, would be manually controlled to regulate the descent of the
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core, and its resting level in the test column.
The School of Ocean Sciences (SOS) mechanical workshop, in Menai Bridge, constructed the
midicore analysis frame (Fig. 4.2). The frame is 1.2 m in height with no core attached. and 1.89
m tall when a core is in place. It houses a perspex testing column. with the same diameter as the
core tubes (94.6+0.2 mm inside diameter; 99.6+0.2 mm outside diameter). in its midsection.
This is, in some respects, based on the instrumented settling column developed by McDermott
(1992). The testing tube is fitted with 7 pairs of shear wave transducer ports, separated by 50 mm
intervals, down its main axis. Perpendicular to the shear wave ports are 16 pairs of electrodes.
separated by 20 mm intervals.
Each shear wave port consists of a small perspex tube, with a length of 50 mm and internal
diameter of 10 mm, set into a larger diameter ring. The ports are shaped to fit the exterior of the
column, where they are fixed, via the ring, by 4 screws. Holes, through the column wall, allow
access to the sediment via the shear wave ports. To prevent any loss of material flexible rubber
membranes are fitted between the port rings and the outside of the column. The material used
for these barriers was taken from rubber membranes used in triaxial testing. The electrodes are
4 mm diameter screws which are set flush with the inside of the column, and held in place by
nuts on the outside.
The plunger is set on a threaded rod in the lower section of the frame, and can be manually
wound up and down the entire length of the test column. The bottom catcher consists of a steel
collar with a sliding plate and a layer of polyurethane around its inside diameter. The initial stage
of analysis involved placing a core on top of the test frame where the bottom catcher would be
located by 3 pins. The core would then be secured by a plastic collar attached to four aluminium
struts.
It may be argued that an extrusion device, that pushed cores upwards. would have been more
suitable. This, however, would have been technically more difficult. and would have required
a longer plunger: making the total height of the frame too great for installation into the laboratory
of the Prince Madog. The main problem with the equipment was poor waterproofing of the
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bottom catcher. This meant that all supernatant waters had to be syphoned from cores before
they were dropped into the testing column, and then replaced once they were at the desired level.
4.3.2 Compressional Wave Measurement System.
It was intended that measurements of compressional wave velocity, Vp • would be made on
sediment cores whilst they remained in their core tubes. This strategy had the following
advantages:
1. There would be no further disturbance to the cores, other than that imposed during the
corrng process.
2. The possibility existed for continuous profiles of compressional wave velocity to he
made: i.e. examinations would not be limited to a few point measurements.
3. All the technology necessary existed at the School of Ocean Sciences.
The problems involved with this type of routine are associated with the fact that compressional
wave transducers are not in direct contact with the sediment. This may lead to poor coupling
between the sediment and transducers, resulting in low amplitude signals. Interference to the
sediment compressional wave signal due to vibrations travelling around the core tube may also
be problematic.
Two pairs of circular faced. piezoelectric transducers were used for core analysis. These had
been constructed for previous research at SOS (Mcfann. 19(8). Each transducer incorporates
a lead zirconate titanate disc (PC4A) which vibrates in its thickness mode. The resonant
frequency. F
r
, for this material. vibrating in this mode, is given by:
)
-1. I
where N, is the frequency constant (2045 ms'), and T is thickness. In early experiments
transducers with a diameter of 50 mm and frequency of 250 "Hz were employed: these wvrc later
7-1
replaced by a pair of 35 mm diameter, 50 kHz transducers.
When transducer faces are adequately coupled to the exterior of a core tube, dynamic variation
in the thickness of the transducer disc will lead to acceleration of the core tube wall. which will
be transfered to the sediment as an acoustic wave. Such transducers exhibit reciprocity, so that
when an electrical signal is transmitted to the disc a mechanical vibration will be produced, and
when a disc is subjected to a mechanical vibration it will produce an electrical signal. This
means that a pair of diametrically opposite transducers can be employed to obtain P-wave
velocities, with one acting as a transmitter and the other acting as a receiver. Since the
assessment of Vp variation with depth was considered to be a primary goal, no attempt was made
to transmit P-waves parallel to the vertical axis of cores.
A Sonic Viewer (OYO model 5217A), powered by a 12 v d.c. supply, was used to transmit.
receive and 'stack" P-wave pulses. This device employs a 'spike' function for transducer
excitation (see Section 4.3.4.3). It possesses in-built gain controls, so that an external
amplification unit is not required. Received signals are displayed on a digital oscilloscope, and
a paper record of the received signal can be obtained via an in-built printer. The sonic viewer
does not have a vertical scale, so measurements of signal amplitude are arbitrary.
Experiments were conducted in order to determine the validity of using this method of P-wave
profiling. Figure 4.3 illustrates paper records obtained for P-waves transmitted across core tubes
filled with water, saturated sand, and air. It was discovered that pulses transmitted across core
tubes filled with water were received as relatively high amplitude, well defined waveforms.
These signals invariably began with a clearly distiguishable rise in the trace, marking the onset
(i.c. arrival time) of the compressional wave. Received signals across sediment-filled core tubes
were similar, but of smaller amplitude, and had an earlier onset. Sediment velocities calculated
from onset times were in agreement with those expected. Amplitudes were likely to be relatively
small, compared with those received for muddier sediments, due to a greater degree of relative
motion between fluid and solid phases. Waveforms transmitted across air-filled core tubes
"Stuckina is a method of signal averaging which leads to an increase in the signal-to-
'--
noise ratio due to destructive interference of noise components.
Fig. 4.3 Typical P-wave traces for water, sand, and air filled core tubes.
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appeared to have a similar onset time to those associated with water-filled tubes, but were very
weak in amplitude, of lower frequency, and had an unclear onset. It was therefore concluded that
the transmission of vibrations around the core tube walls would not interfere with Pvwave
velocity measurements, and that accurate values of velocity could be obtained from signal onset
times.
4.3.3 Electrical Resistivity Measurement System: Background, Design, and Testing.
4.3.3.1 Theoretical Background.
Electrical flow through a sediment body basically obeys the same laws as for electrical flow in
linear conductors. These laws must, however, be adapted to account for flow in three )
dimensions. To simplify the theoretical treatment given here, current sources are considered to
be infinitesimally small (point sources), and the conducting medium is considered to be
macroscopically homogenous and isotropic. A few basic concepts must be defined before further
discussion.
Line of current .flow. This is the path along which the transfer of charge takes place. No
current can cross a line of flow.
Tube of current flow. The current inside a tube of current flow is constant. Consider any two
cross-sections of a tube, perpendicular to the current flow, with current densities c I
and c2 , and cross-sectional areas a l and {l2' respectively. The current, I, is given by:
4.2
Equipotential surface. This is a surface along which the potential is everywhere the same.
These surfaces must be perpendicular to the lines of current flow.
Ohm's Law [or continuous media. This can be adapted for three dimensional flow if one
considers a tube of current in a medium of resistivity. Po' Over a very small length of
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tube, ill, there will be a resistance, Ro' and a potential difference, ..i V. From Ohm's
Law and the definition of resistivity, the potential difference can be given by:
4.3
where c and a are defined above for a tube of current flow. Rearrangement of these
terms gives an equation for the potential gradient.
A negative sign is introduced as potential falls in the direction of current flow.
Potential distribution due to a point current source in all infinite medium.
If a current, I, is passed into an isotropic, homogenous, infinite medium from a spherical but
infinitesimally small electrode, the lines of current flow will radiate outwards and the
equipotential surfaces will be spheres centred on the electrode. The current density, c. over any
equipotential surface is given as:
)
4.5
Where r is the distance from the centre of the electrode to the equipotential surface. Current
density can be related to the potential gradient and resistivity of the medium (equation 4.4).
Substitution for current density, and integration, gives an expression for the potential value of
an equipotential surface in the conditions specified:
4.6
The constant of the integration is zero, as the potential value tends to zero as distance from the
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electrode becomes infinitely large.
In practice one is more likely to encounter electrodes which are placed at the earths surface. In
this case no current travels through the air and the equipotential surfaces become hemispherical.
The potential function is now defined as:
4.7
Potential distribution in the presence ofboundaries.
When a boundary exists separating two media of different resistivities. the current will tend to )
flow in the better conductor; consequently there will be a distortion of the current flow. In the
presence of such an interface the potential function, V, must satisfy two boundary conditions:
firstly, current must be conserved (i.e. the normal component of current flow through the
boundary must be continuous); secondly, the tangential components of the potential function
must be continuous across the interface separating the two media.
Potential fields in the presence of boundaries may be calculated through application of Laplace's
equation. A much simpler approach may be adopted by drawing an analogy to ray optics and
using the 'Method of Images'. This analogy is valid as both current density and light ray intensity
decrease with l/x2; where x is the distance from a point source. For application of the optical
approach, current sources are replaced with light sources and boundaries separating media of
different resistivities are replaced by semi-transparent mirrors. The potential at any point can be
inferred from superposition of the potential due to an appropriate number of imaginary sources
on that due to the real source.
Influence ofa single interlace.
In the case of a plane boundary separating two media of resistivities PI and P2' with a point
current source situated in the first of these media and in the vicinity of the boundary. the 'Method
7~
of Images' can be used to define the potential distribution, as follows. The point source has a
current I, and is situated a distance a from the interface at 0, which is the origin of a rectangular
coordinate system (Fig. 4.4). From this (the lower) side of the plane the original source is seen
with its full intensity, I, and with the addition of an image source at an equal distance behind the
plane, 1'. The source viewed from the other side of the plane has a reduced intensity. I".
Two potential functions must be found: one for below the plane, VI' and one for above, \ '2'
These functions must be forced to match along the boundary plane by invoking the boundary
conditions discussed above. By applying these conditions sources rand I" can be given as
functions of I and the resistivities of the two media:
4.8 )
4.9
where k, is the reflexion coefficient given by:
4.10
and l-k,. is termed the transmission coefficient. At a point, P. the potential functions can be given
as:
4.11+1[x 2+ Y 2+ Z 2]0.5
v= PI] ( _
I 41t
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4.12
If measurements are taken at the boundary and the pz medium is air, the potential function
reduces to equation 4.7. If both resistivities are the same the potential functions reduce to
equation 4.6.
Influence of two interfaces.
In the case of three media of different resistivities, separated by two plane boundaries (Fig. 4.5). )
a solution for the potential distribution can again be found using the' Method of Images'. A series
of images will occur due to multiple reflexions from both reflecting surfaces, and the total
potential at a point, P, will be the sum of these various contributions. This leads to a complex
expression. In resistivity surveys it is often the case that the measuring surface is the polPI
boundary, with the Po medium being air. In this situation the solution can be greatly simplified
and the potential function is given by:
4.13
where k
rZ is the reflexion coefficient at the P / pz boundary. It can be seen that the potential
consists of two parts given by:
4.14
and
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Equation 4.14 is termed the 'normal potential', and is the potential function for an isotropic.
homogenous half space. Equation 4.15 is termed the 'disturbing potential', and is the potential
function due to an infinite series. Equation 4.13 can also be derived from Laplace's equation and
this mathematical approach can be extended to consider any number of layers.
4.3.3.2 Electrical Resistivity Measurements in Sediments.
In situ techniques for measuring the electrical resistivity of sediments commonly employ )
arrangements of four in-line electrodes. These methods have been used for many years in
geophysical prospecting. Laboratory apparatus for sediment resistivity measurements often
utilise modified versions of the four electrode configuration (Boyce, 1968; Kermabon ct al, 1968;
Jackson, 1975, 1978; Lovell, 1985; McDermott, 1992), although two electrode systems have also
been successful (McCarter, 1984).
In a four electrode configuration a known current, I, is passed between two (usually outer)
electrodes and the potential difference, Ll V, is measured between two (usually inner) electrodes.
Separate current and potential electrodes are preferred, so as to prevent problems associated with
contact impedances at the current electrodes. Sediment resistivity is calculated from the
measured resistance, R=Ll VII, multiplied by an appropriate geometric factor. Since the theory
assumes an isotropic, homogenous, semi-infinite medium, the measured resistivity is generally
an apparent resistiviy, Papp' representing an average measurement for a volume of sediment which
may possess lateral and vertical heterogeneity.
Figure .f.6 illustrates a four electrode arrangement at the air-sediment interface; with a current
loop existing between points A and B. and the potential drop being measured between points \1
and N. The potentials at these points are given by:
81
-+.16
-+.17
The potential difference is given by:
-+.18
A widely used configuration is the Wenner electrode array in which an equidistant spacing exists
between electrodes, so that x,=x3=a and x2=x-t=2a. The potential difference is given by:
4.19
On land, a Wenner arrangement can be used for the depth determination of sediment layers by
varying the electrode spacing, or for the assessment of lateral variations by resistivity profiling.
This involves an electrode array, of constant spacing, being moved as a whole along traverse
lines. Potential surveying provides another method for determining lateral variations in sediment
properties. This utilises a constant current base with two potential electrodes being moved
around the area of interest. mapping variations in the potential gradient (== electric field stength).
Techniques successfully employed on land are often of little use on the sea floor, due to sea
water being a good conductor. In this situation devices which focus current into the bed are more
successful (Jackson, 1975: Davis et al, 1989: Cheesman. 1991).
Two possible problems must be addressed when designing a system for electrical resistivity
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Fig.4.6 Four electrode arrangement at the
air - sediment interface.
measurement: polarization of current electrodes and the skin depth phenomenon (Jackson,
1975). Polarization of current electrodes occurs due to the attraction of charged particles from
the pore-fluid, resulting in a contact impedance; it is particularly significant when direct currents
are used. The skin depth phenomenon is a problem associated with the use of alternating
currents, which results in the current penetration being limited (Jackson, 1975). With an
alternating current of 4 Hz these undesirable effects are minimized, and the assumption of a
direct current is valid in the theoretical analysis for surficial marine sediments.
4.3.3.3 Electrical Resistivity Measurement System for Sediment Cores.
The electrical resistivity measurement system comprises two sets of diametrically opposite. in-
line electrodes, positioned down the sides of the core testing column. parallel with the main
(vertical) axis. These electrodes are 4 mm diameter, stainless steel screws. which are fixed in
place by nuts on the outside of the column, so that their front faces are flush with the inside of
the column wall. Each line consists of 16 electrodes, with a 20 mm separation between the
centres of adjacent screws. Using this design Wenner resistivity profiling could be performed
along the length of sediment cores. Conversion of measured resistances into formation factors
provided an assessment of changes in sediment porosity (and associated parameters) with depth.
Measurements were made using a Geopulse potentiometer, which recorded a mean resistance
over 4 cycles, for an input current of 2 rnA alternating at a frequency of .f Hz.
The choice of a 20 mm electrode spacing was quite arbitrary: it was a reasonable compromise
between the desire for resolution of small-scale vertical heterogeneity, and technical constraints.
Boyce (1968), Kermabon et al (1968) and McDermott (1992) have described laboratory
measurement columns which use ring electrodes. Such arrangements may provide a more
accurate average for the resistivity of a section of sediment, but would have been difficult to
mount on the core testing column. particularly with the presence of shear wave port holes. A
mean resistance value, from measurements on two sides of a sediment core, was considered to
be adequate.
Due to curvature of the testing tube, a non-planar boundary ex isted between the conducti vc
S3
sediment and the non-conductive perspex of the column. The geometric factor relating resistance
to resistivity could not, therefore, be assumed to be 21ta (as found in the theoretical treatment of
the Wenner array). An appropriate constant was not required since formation factor was the
parameter being assessed. This could be obtained from the ratio of sediment and pore water
resistances (Rapr!Rw) , provided that both measurements were made in the testing column. Values
for R; could be obtained during core analysis by measuring the resistance of supernatant waters
at an adequate level in the testing column (i.e. a level at which current flow was not affected by
proximity to the air-water or sediment-water interfaces). Kullenberg (1952) has shown the
assumption of an equivalence between pore-water and supernatant water resistivity to be valid.
A study was performed in order to assess the uniformity of the testing column. The column was
filled with seawater (salinity- 35%0) which was allowed to equilibrate to laboratory temperature
(2tlC). It was assumed that this body of water possessed homogenous electrical properties. so
that, for a uniform column, resistance measurements would be everywhere equal when using a
constant electrode spacing. Resistance readings gave a mean of 2.2850 (o=20mm). with a
standard deviation of 0.0240. The small differences observed were similar to those encountered
with repeated measurement at a single column location. The column could therefore be
considered uniform.
Experiments, using sediment from the study area saturated with seawater. were performed to
determine the effect of supernatant water height on measured resistances in the sediment body.
It was established that only the very top resistance measurements (with the top current electrode
just below the sediment-water interface) were affected, as illustrated in Figure 4.7. It can be seen
that measured resistance (Rapp) was relatively constant when the top current electrode (A) was 20.
40 or 60 mm below the interface. When electrode A was just below the interface Rappdecreased
from a maximum, when surficial waters were absent. to a constant minimum when the water
height was about 35 mm or more above the boundary. This distance is approximately equal to
AB/2: where AB is the separation of the current electrodes. During core logging operations the
surface water height was always above this level. FF values obtained at the top of sediment cores
can he considered to be underestimates of the 'true' FE since a portion of the current will pass
through the lower resistivity supernatant water. This error \\'a" not corrected for. and surface FF
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Fig. 4.7 1\1easured sediment resistance versus supernatant
water height in the core testing colum n.
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values were treated separately in later data analysis. An estimate of this systematic error is given
in Section 7.3
Experiments were conducted to evaluate the competence of the system in identifying textural
differences down the length of the testing column. The test column was filled with seawater into
which clean sands were slowly deposited. After settling of this layer. a mud slurry was added
to the column. In all of these trials resistance measurements showed clear vertical variation. and
depth (+ I0 mm) of the mud-sand boundary could be easily identified. Attempts were made to
employ the potential surveying technique for textural evaluations, but trials were unsuccessful.
4.3.4 Shear Wave Measurement System: Background. Design and Testing.
4.3.4.1 Design Criteria and Considerations.
Measurements of shear wave velocity (VJ were to be made via the generation and detection of
transient, propagatory, shearing vibrations. over known pathlengths. For this, suitable shear wave
transducers would be required. These transducers needed to be capable of transmitting and
sensing shear waves in a wide range of unconsolidated marine sediments, under low confining
pressures, and over length scales of centimetres. A number of design considerations. pertinent
to the development of a suitable shear wave system, were recognized:
1. Shear waves are rapidly attenuated in marine sediments. with attenuation increasing with
frequency: the operating frequency of transducers should therefore be as low as is
feasible.
2. Surficial marine sediments are generally highly compliant materials: i.e. they experience
large amounts of strain under small applied forces. To optimize the performance of a
shear wave system it is necessary to establish good mechanical coupling between the
transducer and the sediment. This is achieved by matching the compliance of the two.
3. Transducers must he small enough to allow reasonable resolution of shear wave velocity
gradients over centimetre depth scales.
.... As a wide range of sediment types were to be assessed, transducers must be robust
enough to cope with measurements in relatively stiff, sandy samples.
Some of the above design criteria are conflicting: it would be difficult, for instance, to
manufacture rugged, yet highly compliant transducers. As a wide range of sediment types were
to be examined, the mismatch in mechanical impedance between transducer and sediment could
be quite variable for any single design. In order to minimize technical complications, it was
proposed that a single transducer design would be used in all analyses; rather than employing
different transducers for different sediment types. The final design would need to establish a
compromise between the various requirements.
Another major concern in the design of a shear wave setup, was the possibility of problems
associated with interference to sediment shear waves from other modes of vibration within the
system. The expected interference would take the form of compressional waves, travelling
through the medium, and vibrations travelling through the framework of the measurement device.
Such disturbances could possibly mask the onset of the sediment shear wave, and confuse its
signature. Signal processing and adequate transducer-to-sediment coupling would hopefully
overcome these problems.
From a knowledge of previous shear wave work carried out at SOS (Schulthiess, 1983;
Jones,1990; Bennell and Taylor-Smith, 1991; McDermott, 1992: Wing, 1994) and in other
institutions (eg. Shirley, 1978), the obvious choice of transducer was one incorporating
piezoceramic bender elements. The following review considers methods of determining shear
wave velocity with particularly emphasis on bender elements.
4.3 .....2 Methods for Shear Wave Measurements in Sediments: Background.
Up till the later part of the 1970s measurements of shear modulus and damping in unconsolidated
sediments generally relied on resonant column analyses (Hardin and Richart. 1963: Hardin and
Black, 1968). The usefullness of resonant column devices for determining the "hear wan?
properties of marine sediments has been illustrated in studies at SOS (Bennell ('f al, Il)X-+: Davis
and Bcnnell. 1986). The resonant column technique involves the torsional vibration of a
cylindrical soil sample, whilst varying the frequency, until a resonance peak is observed. Shear
wave velocity can be related to resonant frequency and sample length, and damping can be
determined from the width of the resonant response curve, or the logarithmic decay of free
vibrations. Using the resonant column, sediment samples can be subjected to various loading
.....
conditions, in a similar manner to triaxial testing. This allows shear wave characteristics to be
defined in relation to burial depth. Samples may also be subjected to a large range of strain
amplitudes, allowing the dependence of shear modulus on strain level to be measured. These two
abilities give the resonant column its great power.
One of the greatest problems that may be encountered with the resonant column, is the iuabilitv
to obtain complete coupling between a sediment sample and the driving mechanism of the
instrument (Bennell and Taylor-Smith, 1991). For this reason tests at confining pressures below
50 kPa are not advisable. This, among other factors such as excessive sample disturbance,
invalidates the use of the resonant column for testing purposes associated with this project.
Prior to the late 1970s, successful studies involving the use of shear wave generating transducers
were scarce due to inadequacies of the technology employed. Transducers usually incorporated
either quartz crystal or piezoelectric ceramic shear plates which coupled poorly to sediment
samples, due to high stiffness factors, and operated at high frequencies, which were rapidly
attenuated. Dissatisfied with the situation Shirley and colleagues at A.R.L., Austin, Texas,
pioneered the development of piezo-electric ceramic bender elements, for use in marine
sediments (Shirley, 1978; Shirley and Hampton, 1977; Shirley et al,1979).
Recent research projects have employed ceramic bender clements as 'birnorph' transducer".
These consist of a pair of thin peizoceramic plates, commonly manufactured from lead zirconaic
titanate, which are rigidly bonded along their lengths, and separated by a centre electrode. When
a driving voltage is applied to an element one plate will undergo expansion and the other will
experience contraction, resulting in an overall deformation. Such clements exhibit reciprocity.
so that when thcv are forced to deform. the tension and compression experienced hv opposing
plates will result in an electrical signal. Bender elements arc commonly cantilever mounted. such
that the driving voltage causes a differential change in the length of each plate pro.Iucinc ;\
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bending of the element. If an element is coupled to a medium with rigidity the transverse motion
will induce particle motion in the medium perpendicular to the length dimension of the element,
and a shear wave will propagate parallel to this dimension.
Bender elements are particularly suitable for marine sediment work since they have relatively low
compliances, which can closely match those of the sediment. Mechanical coupling can be
enhanced by immersing benders into samples, so that the sediment is forced over the entire length
of the element. Bender elements also possess relatively low resonant frequencies; the
characteristic frequency being proportional to TIL 2, where T is the thickness of the element and
L is its length. This bares two advantages: firstly, shear wave attenuation will be minimized
since this increases with increasing frequency; secondly, it is possible to manufacture transducers
with resonant frequencies closely matching the characteristic frequencies of surficial marine
sediments. The maximum response for a transducer-sediment system will occur when the
unloaded resonant frequency of the transducer (i.e. that measured in air) matches the calculated
resonant frequency of the transducer-sediment system,
There are two modes of electrical connection which may be employed when constructing bender
elements. In the case of series connected benders, one wire lead is connected to either side of the
clement, and the polarization of each plate is orientated towards the centre electrode. For parallel
connected elements, two outer connections of the same pole are made, and there is a connection
to the inner electrode with the opposite pole. In this case the ceramic plates are both polarized
in the same direction. Series connected elements are twice as effective in converting mechanical
energy to electrical than are parallel connected clements; whereas parallel connected benders are
twice as effective in conversion of electrical energy to mechanical.
As pcizoceramic benders are high impedance devices, it is essential that they are insulated from
the sediment. Protection is also required due to the delicate and brittle nature of these clcrucnt-.
For these reason- it is necessary to encase benders in some form of nonconducting resin. This
encapsulation generally leads to an increase in resonant frequency of the clement. and a dccrca-,e
in the rna on itude of mechanical distortion (or free end displacement if considering canulcvcr
C'
mounted clements). These changes can be related to the increase in thickness 01 till' clement. hut
will also depend upon the elastic properties of the encapsulant.
The insertion of an element into a medium would be expected to augment these changes in
frequency and displacement. This assumption, however, ignores the behaviour of the medium
itself. The usable frequency range of a bender element in sediment will depend on the shear
wave velocity of the sediment. If a transducer and sediment are completely coupled. resonance
will occur when the bending length of the transducer corresponds to some multiple of the
wavelength of the sediment shear wave. This will be contingent on the mode of fixing of the
bender element. If an element is unclamped (i.e. free to vibrate about its centre of gravity)
resonance will occur at a wavelength corresponding to twice the length of the bender plate (L).
If the element is cantilever mounted then resonance will occur at a wavelength corresponding to
4L.
The use of bender elements for shear wave measurements, in both laboratory and in situ work.
is becoming wide spread (Schultheiss, 1983~ Richardson et al, 1990~ Jones, 1991; Babagelata et
al, 1991). By incorporating bender elements into various laboratory devices it has been possible
to examine shear wave velocities for a large range of sediment conditions (eg. Schultheiss. 1983:
Bates, 1989~ McDennott. 1992~ Wing, 1993). Their ability to define acoustic wave velocities
has been validated by comparisons with resonant column measurements at very low strain
amplitudes (Dyvik and Madshus, 1985~ Davis and Benncll, 1986~ Hepton, 1989).
4.3.4.3 Transducer Construction and Testing.
In order to construct a set of shear wave transducers, a number of pcizoceramic bender elements
were purchased from the Vernitron Division of Morgan Matroc Ltd. Each clement has the
dimcnsions 20 mm x 5.5 mm x 0.43 mrn, and is composed of the material PZT-5BN. The
equations given below for this material are taken from the Vcrnitron product specification
manual [Bulletin No.660 12/D I for cantilever mounted, serial connected elements in air. The
resonant frequency, Fr. is given hy:
1
4.20
where M J = 3xl0-2 L. W.T, and em is the mechanical compliance given by:
4.21
L, W, and T are the dimensions of length, width and thickness respectively, in inches. It can be
seen that F, becomes a function of TIL2, given by:
4.22
The maximum free end displacement, D max, is a function of the voltage, V, applied to element,
and is given by:
D =315V
L 2
max T2 4.23
A number of transducers were constructed, similar in design to those described by McDermott
(1992). These each consist of a bimorph element fixed at one end (i.e. cantilever mounted) into
a perspex tube (Fig. 4.8). The benders were mounted so that 15 mm of their length protruded
from the perspex housing. A stiff araldite resin was employed as the potting compound, and once
encapsulated the benders were 8 mm wide, 3 mm thick, and protruded approximately 18 mm
from the ends of the perspex rods. It was postulated that a relatively thick layer of araldite would
be required to prevent damage to the transducers due to stresses imposed during their insertion
into stiff and sandy samples. The connecting wires to bimorphs were potted through the centres
of the perspex rods. alongside a thin length of tubing which acted as a bleed hole, preventing the
build up of pressure during transducer insertion.
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Fig. 4.8 Shear wave transducer for core analvsis,
A fundamental transducer characteristic is unloaded resonant frequency. A simple technique was
used to assess the variation of amplitude with driving frequency. This involved clamping pairs
of transducers so that their tips were very close to one another (~1 mm). In this arrangement one
transducer was driven over a sweep of sine wave frequencies. and simultaneous measurements
were made of the voltage amplitude received by the opposing transducer (Jones, 1991). The
receiver senses a compressional wave which will be of greatest amplitude when the transmitter
is driven at its resonant frequency. To prevent the transmission of vibrations through the
clamping framework, transducers were held in a layer of neoprene (foam rubber), which acted
as a damping mechanism. The resonant frequency was found to be 4.9 kHz, which is relatively
high; this being due to the stiffness and thickness of the encapsulating resin. This inferred that
the assembled transducers would be more closely matched in mechanical impedance and resonant
frequency to the stiffer, sandy samples studied, rather than the highly compliant muds. This was
considered to be the most sensible design policy, as replacing broken transducers was time
consuming and costly.
The proposed method for determining V~ involved fully inserting pairs of diametrically opposite
transducers into sediment core samples, via the shear wave ports of the core analysis tube.
Bender elements would be in contact with the sediment via flexible membranes fitted between
the ports and outer diameter of the column. These were required to prevent any loss of material.
In order to produce horizontally polarized shear (SH) waves. transducers were orientated so that
bender motion was perpendicular to the vertical axis of the test column. No attempt was made
to produce vertically polarized shear (Sy) waves.
Figure 4.9 illustrates the configuration of the shear wave measurement system. The leading edge
of a low frequency d.c. square wave (i.e. a 'step' function) was used to excite the transmitter, and
simultaneously trigger the time sweep function of an oscilloscope. Excitation using 'step' or
'spike' functions results in the generation of a range of frequency components, followed by
decavinu reverberation of the transducer at its resonant frequency. Much of the mechanical
_ t='
enerav induced bv 'step' or 'spike' excitation can be lost as high frequency components which are
o. ~
rapidly attenuated. These forms of impulsive 'kick' excitation may not be the most ideal methods
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Fig. 4.9 Block diagram of shear wave electronics
for core analysis.
of signal generation, but they have been employed in most of the small-scale acoustic studies
conducted at SOS. Transducer excitation was accomplished using a Thandar function generator
(TG1022 MHz) with a maximum voltage output of 10 v. To obtain higher strain amplitudes the
driving voltage could be increased (upto 40 v.) by connecting the function generator to a relay
switch powered by a Farnell power supply unit, or by passing the driving signal through a 300
watt amplifier, constructed at SOS. Frequency of the trigger signal was 1 Hz to 4 Hz. This
prevented 'wrap-around' of transmitted signals; i.e. the interference of later features in the wave
envelope resulting from one excitation, with early features from the next excitation.
Received signals were initially amplified and filtered, using a Kemo GB2 amplifier. This
instrument provides a maximum amplification of 60 dB, but has limited filtering capabilities.
More precise filtering could be performed using a Krohn-Hite active bandpass filter, if required. 1
Amplified and filtered signals were passed into a digitizing oscilloscope. During early testing
and analysis a Hewlett Packard 20 MHz (54200A) oscilloscope was employed; this being
interfaced to a plotter from which hard copies were obtained for every measurement. The HP
scope can also be interfaced to a microprocessor for frequency (FFT) analysis. Later in the
programme a Gould 20 MHz (DSO 1602) oscillopscope was used. This was interfaced to an
Ascentia 700N notebook computer which was able to save shear wave traces for later inspection,
and possessed software capable of performing waveform analysis. Before the shear wave core
logging programme began, experiments were conducted in order to determine the competence
of this setup.
Calculation of V
s
required accurate definitions of the point of origin and reception (i.e. the
propagation path-length), and the time of transmission and reception for shearing vibrations. To
test for any delays in the system transducer pairs were fixed with the tips of each element in
direct contact. Delay time between the initial rise of the 'step' function trigger and the onset of
a signal in the received record was found to be 3 usee. This is smaller than the accuracy to which
onset times could be determined (+ IOusec); system delays could therefore be neglected. Former
studies conducted at SOS, using similar transducers, have taken the distance between transducer
tips to be the propagation pathlength (eg. Bates, 1989). It was inferred from the delay time study.
that S-waves were transmitted from and received at the transducer tips. An attempt was made
to substantiate this assumption by measunng transmission times for different transducer
separations in a block of homogenous potters clay: regression of travel times versus separation
should give an intercept of zero time at zero separation. This, however, was unsuccessful,
possible due to poor transducer-to-sediment coupling. All sediment velocities were calculated
USIng:
where 6.L is tip-to-tip transducer separation (58.6+0.5 mm for full test column insertion), and
6. T{ is time between triggering and reception of a shear wave onset.
The shear wave system described here is similar to that developed, and successfully used, by
McDermott (1992), for investigation of consolidation phenomena in fine-grained sediments. The
main purpose of testing was to determine the validity of using this type of system for shear wave
studies of other materials; particularly sediments with higher rigidity. Testing was mostly
conducted prior to the main sampling programme, but information given here also relates to
system characteristics deduced from later core studies.
The primary problem to be addressed was: can travel times of shear wave pulses across core
diameters be accurately measured, in the range of materials found at the study site? The main
consideration was interference to sediment shear wave signals by vibrations travelling through
the apparatus (i.e. frame waves). The significance of frame wave interference would depend on
the relative amplitudes and frequencies of the frame and sediment wave; their relative travel
times: and ringing of the frame (i.e. the time required for the frame wave to decay).
Compressional wave velocity in perspex is 2456 ms I, and shear wave velocity is 1.+40 ms'
(McDermott, 1992). Estimated travel times around the wall of the testing column are given in
Table .+. I. These were calculated using the shortest distance between the two transducers, i.e.
half the inside circumference (148.5 mm). The minimum expected travel times for Pvwave« and
S-waves through sediment are also given. These were calculated from the distance hetween a
pair of fully inserted transducers (58.6 mm), and velocities of 1900 01<1 for Pvwaves (maximum
9J
for unconsolidated sands) and 200 ms' for S-waves. J. Bennell (pers comm.) gives 200 ms' as
the maximum V" recorded for surficial sands in their most densely packed state. using bender
elements incorporated into Jackson's porosity cell (Jackson, 1975).
The values given in Table 4.1 indicate that frame generated vibrations should be received before
sediment shear waves. Therefore, if vibrations in the frame can be sufficiently damped they
should not hinder the measurement of sediment S-wave onset times. Sediment P-wayes may
mask S-wave onsets, depending on P-wave amplitude and attenuation. This. however. was not
considered to be a major cause for concern: previous studies have shown that bender elements
produce little P-wave energy (eg. Jones, 1990), and this can easily be removed using a high
frequency cut filter.
Table 4.1 Expected travel times for frame and sediment waves in the core testing column.
Mode of Vibration Expected Travel Time (msec.)
Frame P-wave 0.06
Frame S-wave 0.10
Sediment P-wave (max. velocity) 0.03
Sediment S-wave (max. velocity) 0.29
Experiments were conducted with the testing column empty (i.e. air-filled). A strong frame wave
signal (2.5 mV pk-pk max. amplitude) was recorded, with a frequency of 2.5 to 3.3 kHz. With
a water-filled column the maximum amplitude was reduced (1.3 mV pk-pk), but received signals
included a second component, with a frequency of 13.5 kHz. It was assumed that this
represented a compressional wave transmitted through the water. An 'electronic pick-up' was
ohservcred when the column was water-filled. This has been described by authors of similar
studies (Hurley, 1989; Jones, 1990; McDermott, 1992: Wing, 1994), and consists of a voltage
spike at zero time (i.e. time of initially rise in 'step' function) which decays slowly. This \\as
easily removed by connecting an earth lead between the oscilloscope and the column.
The amplitude of recorded traces, for an air- or water- filled column. decayed to negligihle values
after approximately 5 mscc of transmitter triggering. Therefore. these noise elements could
possibly intefere with sediment shear wave signals for materials with V~> 10 ms I. Acceptability
of the system would be contingent upon the efficacy of signal processing, and the form of
received noise components in a sediment-filled column: with transducers coupled to sediment,
frame generated noise should be damped.
The noise components described above were also recorded when transducers were not rigidly
mounted to the test column. This second experimental condition was accomplished by inserting
transducers (mounted on external clamps) with the port hole tubes removed, and preventing
direct contact with the perspex body of the test column, This implies that frame waves were
transmitted via the flexible outer membranes. Compared with traces recorded for full transducer
insertion, frame wave noise generated via this mechanism was of smaller amplitude (reduced by
a factor of ~ 3), and occured at a later time after signal transmission. This, together with technical
diffculties, negated development of an external clamping setup.
Experiments were performed with saturated muddy sands filling the test column. The presence
of sediment acted to reduce the magnitude of the frame wave, which could be almost completely
removed with a high frequency cut filter of 2 kHz. A low frequency (- 200 Hz) waveform,
arriving later in the record, was interpreted as the sediment shear wave. This was substantiated
by a number of observations: firstly, disruption of the sediment fabric lead to total loss of this
signal; secondly, shortly after disruption the signal would return, and its onset would
progressively move towards zero time, finally reaching a constant value. These observations
could only be explained by alteration to the strength of the sediment framework, with consequent
variation in sediment shear wave velocity. Velocities calculated from measured onset times were
in ugreement with those expected for a freshly deposited muddy sand; ranging from 27 to 33 ms',
2.+ hours after deposition.
Shear wave onsets began with either a rise or fall in the trace, depending on the electrical
'-
connections to the bimorph elements. Changing polarity of the connections to each side
produced a phase reversal of the shear wave signal. This, however, could not be utilized to
differentiate between sediment Svwavc signals and noise components, since these also
experienced a l80() phase change. Svwavc onsets commonly began with a small peak or trough,
with maximum amplitude of the signal occuring after 1 to 3 wave cycles.
After observations of signals for a wide range of materials, some general conclusions were made
regarding the determination of S-wave onset times. Typical unfiltered records are illustrated in
Figure 4.10. In low rigidity interfacial or muddy sediments, a significant amount of mechanical
energy was transmitted to the frame. However, sediment S-wave onsets were unaffected. since
they occured after all noise components had decayed. An increasing signal-to-noise ratio was
found with increasing sediment rigidity; as transducer-to-sediment coupling increased, and less
mechanical energy was transmitted into the frame. This resulted in the absence of noise
components for well packed sands. Received frequencies ranged from 100 Hz for soft muds to
1.5 kHz for stiff sandy materials. A high frequency cut filter could therefore be employed to
remove noise. Correct onset times could not be determined directly from filtered traces since
filtering tended to shift the signal relative to zero time. Filtered traces could, however, be
compared with unfiltered records to aid identification of S-wave onsets.
In order to obtain signals without a frame wave element, a 'decoupling collar' was constructed.
This was formed from 'deldrin' (an acetyl composite), and housed a pair of port holes, 50 mm in
diameter. The inside of each port hole was lined with sponge rubber which held the transducers
in place, and effectively prevented transmission of vibrations from the transmitter to the collar.
This device contained no flexible membranes (since it had been shown these could transfer
mechanical energy to the frame), and the nature of the sponge rubber resulted in a loss of
accuracy for transducer positions. These factors negated transfer of this design to the main
testing apparatus. The purpose of the collar was to collect Vs values for comparison with those
obtained using the main test column. This was accomplished by fixing the collar on top of the
column, and extruding short samples of core into it. V, values obtained using the collar were
reduced relative to those obtained in the test column; with mean reductions of 24.-+()(-
(S.0.=9.7%) for coarse-grained materials «20£7(' fines), and 19% (S.D.=1.9(1r) for relatively fine-
grained materials (30 to 80% fines). A reduction would be expected due to structural disturbance
during extrusion into the collar, and the removal of overburden material prior to collar
measurements. These results therefore substantiate those obtained in the tcst column.
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Fig. 4.10 Typical shear wave signals from core analysis.
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A final problem that must be addressed is the collection of erroneous \' values due to Svwave
s
refraction. In this study, measurement of Vs assumed that sediment shear waves are transmitted
via the shortest path between the transducers; i.e. as direct waves. If vertical heterogeneity in V
s
exists, shear wave refraction through relatively fast sediment layers could lead to early onset
times. This would give a calculated velocity greater than the true velocity for material directly
between a pair of transducers. Since the propagation path-length between transducers was very
small (58.6+0.5 mm), the arrival of a refracted wave before a direct wave would require an
extremely large contrast in shear wave velocity. One scenario could result in such a velocity
contrast, and this is dealt with in the theoretical considerations given below.
'-
Consider a two layer medium (see Fig. 4.11), with layer 1 having a velocity (VI) smaller than that
of the layer 2 (V2) · An acoustic source and receiver, separated by a distance I, are situated in l
layer 1, at a distance h from the interface between the two layers. The total travel time for a
refracted wave (Tt ) will be the sum of the travel time in the upper layer (T1 ) and the travel time
in the lower layer (T2) . This is given by:
T =t
2h
+
I - (2h tanS)
V2
4.25
where the first term represents T1, the second term represents T:., and 8c = sin-I(V/V:.).
An earlier box core survey at the study site indicated the presence of a shell layer at
approximately 0.1 to 0.2 m below the sediment surface (A. Rowden, pers. comm.). Later
midicore sampling indicated the existence of shells (usually horizontally aligned) with diameters
that could be almost as large as the inside core diameter (94.6±O.2 mm). This implies the
possibility of refraction problems due to S-wave transmission through shell material, which
should have a much higher shear wave velocity than unconsolidated sediment. Taking assumed
Svwavc velocities of 50 ms' for sediment and 1500 ms' for carbonate material, calculations
using equation 4.25 suggest that a refracted wave would pass between transducers before a direct
wave. if a large shell existed within <28 mm of the transducer position. To further illustrate the
possible significance of this problem, the onset time for a refracted wave due to a shell at h= 10
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Fig.4.11 S-wave refraction along a plane horizontal bouudarv
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mm, would give a calculated sediment velocity of 134 ms'. There was no practical solution to
this predicament, but consideration is obviously required.
4.3.5 Shear Strength Measurement Apparatus.
4.3.5.1 The Vane Shear Test.
The vane shear test is commonly used for rapid estimation of the undrained shear strength. Suo
of fine-grained soils (equivalent to the cohesion). Vanes have been shown to give shear strength
values which are repeatable, in homogenous materials, and which agree well with conventional
triaxial measurements (Serota and Jangle, 1972). The standard vane apparatus consists of four
rectangular blades set at right angles and attached to a central circular rod. Measurements are )
made by inserting the vane into the sediment until it is totally embedded, and applying a steadily
increasing torque to the central rod. The vane will be subject to torsion due to the resistance of
the soil until it fails and the vane begins to rotate. The primary measurement taken using a shear
vane is torque, this being related to the horizontal deflection angle of a calibrated spring attached
to the vane rod. The secondary measurement of undrained shear strength is derived from the
interpretation of this torque, and is generally related to the maximum torque achieved and the
dimensions of the vane.
It is assumed that the failure surface of the sediment is a circumscribed cylinder enclosing the
four blades. This has been confirmed using vanes fitted with strain gauges and from radiographic
images (Menzies and Merryfield, 1980). Su is assumed to be isotropic, and the shear stress
distribution is usually taken to be uniform (i.e. rectangular) on both the perimeter and ends of the
cylindrical area (as adopted by BSI377:1975). The total resisting torque, Tr , is the sum of two
components, T; and T,,: where T; is the torque provided by shear resistance along the curved
surface of the cylindrical area, and T; is the torque provided by resistance on the circular end
areas. T, is given by:
T
a
dSu . tidh .
2
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4.26
where d is the diameter of the cylinder enclosing the vane and h is its height. The second term
is the surface area of the cylinder and the third term is the lever arm. The torque due to a circular
end area can be obtained by considering an elemental annulus and integrating oyer the whole
area:
d/2
J Su 21tr dr r =
o
4.27
where r is radius. Combining these terms the total resisting torque for a retangular vane is given
by:
T = 1td2S (!2+~) = S F
r u 2 n u'
o
4.28 )
where no=6 when both ends of the vane are immersed, and no=12 when only the bottom end of
the vane is immersed. This can be expressed as Su multiplied by a geometric factor, F.
Measured torque at failure will be equivalent to the maximum angular rotation, 81" of the torsion
spring multiplied by the spring constant, k.; Substitution into equation 4.28 and rearrangement
of terms gives the undrained shear strength as:
4.29
A linearly increasing or triangular stress distribution may also be considered for rectangular
vanes. In this case shear stress at a vane end surface is given by:
S(r) = (2r/d)Su 4.30
where r is the horizontal distance measured from the axis of rotation. Flaate ( 1966) has shown
that for a triangular stress distribution the torque at failure is given by equation 4.2~: with no=8
when hoth ends are immersed, and n
o=16 when only the bottom end is immersed. Silvestri et al
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(1993) have empirically shown that, in the case of rectangular vanes, both types of stress
distribution are valid for the interpretation of test results. For other shapes of vane a uniform
stress distribution was found to be most valid.
Wroth (1984) considers use of the rectangular stress distribution for estimates of Su, with respect
to the experimental results of Menzies and Merryfield (1980) using London clay. A rectangular
stress distribution is reasonable for the vertical cylindrical surface, but is very different to the
rneasured distribution for the horizontal surfaces. Wroth's observations indicate that most of the
resistance to torque is given by the vertical failure surface (94%, compared to 86% calculated
from the rectangular distribution), and that the conventional interpretation will underestimate Su
by about 9%. For sands, the data of Menzies and Merryfield (1980) indicates that a uniform
stress distribution is reasonable for both the vertical and horizontal surfaces. )
Vanes are usually manufactured with a height-to-diameter ratios of 1:1 or 2: 1. The area ratio for
a rectangular vane is given by:
Area ratio(%)= 8T (d-d,) + rtd/ x 100
rtd 2
4.31
where T is the blade thickness and d.i« the diameter of the vane rod. In order to keep remoulding
and disturbance effects to a minimum, vanes are usually made with area ratios of less than 12%.
It is obvious that vane test results will be influenced by a range of extraneous variables including:
rate of loading (Skempton and Northey, 1952: Perlow and Richards, 1977)~ progressive failure
(Menzies and Mailey, 1976); sediment anisotropy (Menzies, 1976~ Menzies and Mailey, 1976):
porewater migration and pore pressure build up during testing. The rate of vane rotation is not
a critical factor as long as it is within reasonable limits: if load application is too fast viscous
effects may lead to results which are too high; if it is too slow partial drainage may occur (Head,
19X2). BS 1.377 (1975) specifies a rotation rate of 6° to 121) min-I, but rates as high as 90° min-I
still give consistent results (S. Buchan, pers. comm.). For any particular study the primary
concern is to reproduce consistent strain rates for all samples.
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Of particular importance to this study are problems of drainage during testing. Vane testing is
generally restricted to fine-grained, low permeability materials. However. in this case it was
employed for strength testing a large range of materials, including sands. During the testing of
sands it is likely that pore waters will migrate so that effective stress is no longer zero, and the
strength value obtained is a measure of both cohesion and a frictional component. If. however,
testing is conducted under conditions of zero applied normal stress, the friction component
should become zero and the measurement is one of apparent cohesion (see Section 3.3). The
intelocking of sand grains must also contribute to sediment resistance, particularly in materials
which have been compacted. It is probably more appropriate to use the term vane shear strength,
rather than undrained shear strength, when considering vane results. However, S; will be
employed to denote vane shear strength values. )
Heterogeneity in surficial marine sediments is also an important point to consider. It has been
shown that large differences in sediment shear strength may be encountered over small spatial
scales due to the presence of animal burrows (Meadows and Tate, 1989). Considering this, it is
apparent that the vane size, and hence the area over which it averages, will be important.
4.3.5.2 Vanes Used in Core Analysis.
Two hand held vanes were employed for testing core samples. Devices of the same design have
been successfully employed by Faas (1986) in a study of fine-grained deposits on the Amazon
continental shelf. For soft materials Crf~ 4.5 kl'a, where r, is the shear stress at failure), a
cruciform vane with equal blade height and diameter (25.4 mm) was used. This vane has a dial
with a scale calibrated to ounce-inches, and with no marker to indicate the maximum deflection
of the pointer on the dial, so the operator must closely observe its movement. To convert
measured torque into a value of shear strength in kPa, a multiplication factor is applied, based
on a uniform stress distribution. This factor is equal to 0.2'+, when both faces of the vane are
immersed in a sample, and 0.21 when only the lower face is immersed. This type of vane has
been used for many years in the geotechnical laboratory of the School of Ocean Sciences.
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For strength measurements in firmer materials (tf >...L5 kPa), a T175 pocket vane shear device
was purchased from Controls Engineering Equipment (Fig. 4.12). This instrument was used with
a sensitive vane attachment, with the ability to measure shear strengths upto 20 kPa. The dial is
able to record the maximum angular deflection and is calibrated to give values of shear strength
in kPa. The sensitive vane attachment has a complex geometry consisting of 8 large blades
alternating with 8 smaller blades. Blade height is 4.1 mm and the outside and inside diameters
are 41.3 mm and 12.7 mm, respectively. Measurements made using the T175 vane and larger
cruciform vane therefore relate to shear strengths averaged over different spatial scales.
Nevertheless, good correspondence was found between the two vanes. for the overlapping
portions of their strength ranges, in a calibration using homogenous. remoulded. fully saturated
potters clay. Good agreement has been found between the T 175 vane shear strength and the
unconfined compression strength of soft clay sediment (Sibley and Yamane. 1966).
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CHAPTERS.
SAPPA: An In Situ Sediment Probe.
5.1 Introduction: Background and Design Criteria.
Due to the delicate and complex structure of the seabed any sampling procedure is likely to result
in some degree of disturbance. This will generally be most pronounced in materials with little
cohesion, such as sands in which the skeletal frame is supported by inertial forces. For this
reason physical measurements made in situ are highly sought after, and indeed some parameters,
such as pore pressure, can only be measured in situ. The development of an in situ geophysical
probe was one of the major objectives of this project, in its early stages.
The basic structure of any in situ probe will depend upon the parameters being measured, and the
spatial scales over which measurements are to be made. Obviously, if very large scale
measurements are envisaged then seafloor surveying techniques are more appropriate. If only
near-surface values are required for a particular parameter, then a stable framework that rests on
the bed can provide a suitable housing for transducers. ISSAMS is such a device that has
recently proved successful for the collection of near-surface compressional and shear wave
information (Barbagelata et al, 1991). If the depth variation of a particular parameter is required
then some form of bottom penetrating device is usually necessary. Such instruments have been
developed with the ability to assess depth variation of electrical resistivity (Kermabon et al,
1969), acoustic wave velocities (Shirley and Anderson, 1975; Hepton, 1989), and sediment
strength properties (Dayal et al, 1975). A number of investigators have described penetrating
probes designed to measure pore pressure; of these the PUPPI apparatus has been particularly
successful (Schultheiss, 1990; Schultheiss and McPhail, 1986; Hurley and Schultheiss, 1991).
In the original research proposal, the intention was to design and construct a probe with the
ability to make measurements of shear and compressional wave velocities, electrical resistivity,
and pore pressure. Such a probe should be capable of making measurements over a range of
temporal scales, and should therefore need to be untethered from the research vessel. This
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requires autonomous logging systems, a method of recovery, and protection from trawling
activities. In situ geophysical measurements could be compared with core analyses: the
measurement of pore pressure was considered necessary for full physical characterization of the
seabed. Values of pore pressure are essential if the effective stress state of the seabed is to be
known. They can also be used to calculate pore water advection rates (Schultheiss and \1cPhail.
1986) and sediment permeabilities (Hurley, 1989; Hurley and Schultheiss. 1991: Fang et at
1993). As has been shown (in Chapter 3), permeability is a vital parameter in physical models
of seafloor sediments (eg. Stoll, 1986). Values obtained from core samples are often
unrepresentative due to sample disturbance and inadequate scaling (Weaver and Schultheiss,
1983).
The basic structure of the probe was to follow a novel design created by Pete Schultheiss (of
Geotek, Surrey) and Quentin Huggett (of 1.0.S.; now of Geotek). This consisted of a penetrating
lance with a number of attached arms which are released to lie parallel to the seafloor once the
lance is inserted. Subsequent construction of such a framework was carried out by Mark Watkins
at Winson Engineering, Port Madog, with emphasis placed on producing a flexible design. The
probe was given the name SAPPA (Sediment Acoustic and Physical Properties Apparatus).
5.2 General Mechanics.
SAPPA consists of a modular stainless steel barrel, 2.2 m in length, and with external and
internal diameters of 77 mm and 57 mm, respectively (Fig. 5.1). This lance comprises two I m
sections. interspaced by a short pore pressure port, and has a fixing section attached to the top
and a 42() angle cone fitted to the bottom. The components of the lance are rigidly fixed together
by a central piece of threaded rod. The cone tip aids penetration of the seabed, and the top fixing
section is required to attach a large header above the lance, which is used for ballast and to
contain logging instrumentation if required. The header weighs 180 kg and, when fully
assembled, the probe shaft weighs 55 kg. 20 x 20 kg steel weights were manufactured for
attachment to the header. providing additional force for the penetration of relati vcly stiff beds.
A spider collar was designed to hold a pair of nylotron arms, and was fitted with a nylotron brush
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Fig.5.1 SAPPA: an in situ sediment probe.
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allowing it to slide up and down the main lance. Each arm is 2 min Iensth. -1-0 mm in diameter,
'-
and is attached to the spider collar by a pin which allows rotation from a vertical position to a
position 10° below the horizontal. 5 mm holes are positioned at 50 mm intervals along the length
of each arm to provide fixing positions for transducer holding clamps. After initial trials at sea.
a square bottom plate, 0,46 m x 0,46 m, was fitted, via four spacers, at a distance of 0.1 m below
the lower edge of the spider collar. This was required to prevent restricted rotation of the arms
due to penetration of the spider collar into the seabed. The bottom plate, spider collar and arm
system is attached to a fixed collar at the top of the lance via a pair of 1.2 m long tension cables.
During deployment (Fig. 5.2) the probe is lowered to the seabed where the main lance penetrates.
As the lance penetrates, the bottom plate rests on the surface and slides upwards relative to the
lance, allowing the arms to fall until they are parallel with the bed. Nylotron is a light weight
synthetic material which was employed in construction of the arms to prevent them from falling
prior to insertion of the lance.
5.2.1 Early Trials and Limitations.
During the spring of 1993, the performance of SAPPA was tested at the study area and in
sediments around Red Wharf Bay, Anglesey. In these trials emphasis was placed on the depth
of penetration of the lance and the performance of the falling arms. To measure lance penetration
a sliding collar was fitted above the spider collar, which recorded the maximum insertion
achieved; to ascertain the resting position of the arms, basic core samplers were attached. During
trials in Red Wharf Bay the probe performed well in a muddy area (91 o/c fines), showing good
penetration. A camera was 'fitted to the header of the probe and photographs indicated adequate
insertion of the lance, and the spider collar resting on the seabed. Satisfactory insertion can be
defined as that which provides sufficient achorage for the probe to be vertical and self-
supporting, and allows the arms to rest horizontally on the seabed. This corresponds to a
insertion depth of at least 1 m.
In the study area, penetration of the lance was tested at stations B6, C6. C7 and 06. during a
cruise in April 1993. and at stations A6, A8. Al 0 and 06, during a cruise in May 1993 (see Fig.
105
2.3 for sampling grid). Adequate penetration was achieved only' at station Al O. and the
unsatisfactory performance of SAPPA led to a rethink on the boundaries of the study area. This
was the chief reason for the addition of lines X and Y to the sampling grid (see Chapter 2).
Another revelation that accompanied off-shore trials was the ungainly nature of the probe. This
restricted the use of SAPPA to fine weather conditions and hindered progress in its development.
5.3 Pore Pressure System.
The importance of measuring sediment pore pressures has been outlined above. In terms of this
project, measurements of pore pressure were considered to be valuable for estimation of in situ
permeability. This can be achieved using two methods: measuring the decay of the excess pore
pressure developed due to insertion of the lance; and from measurements of the depth
attenuation of dynamic seabed pressures associated with tidal cycles (Hurley, 1989; Hurley and
Schultheiss, 1991; Fang et al 1993).
In September 1994, instrumentation was acquired from Geotek for the measurement of sediment
pore pressure. This consists of a differential pressure transducer, an absolute pressure transducer
and a programmable seabed logger. The logger is able to collect data for up to five days at a
maximum sampling rate of 113Hz. The pressure transducers were calibrated at SOS. The system
was set up so that the differential transducer measured the deviation between pressure at 1m
depth in the sediment and at the seabed, and the absolute transducer measured seabed pressure.
The pore pressure system was tested in Red Wharf Bay. where seabed and differential pore
pressures were recorded for five days. An anchorage and recovery procedure was designed for
this purpose. Tidal cycles could be clearly seen in both the absolute and differential pressure
records. A large time lag, however, between the two cycles indicated that air had probably been
trapped within the system, invalidating use of the data in modelling operations. Anew, more
slender. pore pressure lance (outside diameter = 50 mm) was constructed in March 1995 and
deployed at station Y6 in May. On recovery it was discovered that the logger had failed to
operate, incurring a fault probably due to an impact during deployment.
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5.4 Development of an In Situ Shear Wave Measurement System.
5.4.1 Introduction: Background and Design Criteria.
The sediment parameter for which in situ values were most eagerly desired was shear wave
velocity. Once a design for the basic framework of the probe had been established, development
of a shear wave measurement system was undertaken at SOS.
Designs for a shear wave system concentrated on a set-up mounted to the probe arms. with
transmitters and receivers landing on the seabed and penetrating the upper few centimetres. The
mounting of receivers down the length of the probe lance would be a far more difficult task. and
thoughts on this type of design were disregarded for the time being. It was proposed that the final
set-up should have the capacity to propagate measurable shear waves over pathlengths of about
a metre. Such a system could provide the opportunity to analyse signals from shear waves which
had travelled through subsurface sediment, therefore allowing models of Vs depth profiles to be
formulated.
Previous studies at SOS have employed ceramic bender elements for the determination of shear
wave velocity over small length scales (Section 4.3.4.2). At SOS such systems have been shown
to be effective for in situ measurement at path-lengths of up to a couple of decimetres (Jones,
1990). Other workers report the successful use of bender element transducers for the
measurement of shear wave velocity at path-lengths of over a metre (Barbagelata et al. 1990).
Working within the design criteria, two possible approaches could be envisaged: the
development of a bender element set-up with particular attention paid to signal processing, or the
construction of a more powerful shear wave source. The latter of these paths was chosen.
The production of good quality. high energy shear waves. for surveying the seabed, is a
challenging task given impetus from the usefullness such studies may have in solving
sedimentological and engineering problems. Over the past decade significant advances have
been made in the development of techniques for seafloor shear wave surveying. At Kiel
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University, Germany, a system has been designed employing a 'sheargun' Svwave source, which
has the ability to obtain information on the subsurface to depths of 50 m (Gehrmann et al, 1984.
Theilen and Pecher, 1991). The source comprises an airgun with horizontally orientated exhaust
ports. Horizontal blows are transferred to the seabed, via the edges of a towed sledge carrying
the airgun, producing horizontally polarized shear (SH) waves.
A sledge system has also been developed at SOS (Davis et al, 1989. 1991 ~ Huws et al . 1991).
The shear wave generator associated with this set-up is designed to simulate the action of the
'horizontal traction source' used in land operations. This arrangement employs a weighted
wooden plank which is forced to vibrate due to the impact of a 10 kg hammer (Davis and
Schultheiss, 1980). The sledge transmitter employs an electro-magnetic hammer device
orientated so that, when energized, it produces a horizontal shearing motion which is transferred
to the seabed. Both surveying systems use 3-component geophones as receivers.
It can easily be imagined that an electromagnetic hammer device could be constructed for shear
wave measurements over smaller length scales: this was the basis of designs for an S-wave
source for use on SAPPA. It was assumed that bender elements would provide suitable receivers
for such a system.
5.4.2 Development of a Shear Wave Signal Generator.
A number of important factors must be considered during the design of a shear wave signal
generator. The quality of an S-wave source will depend on the character and magnitude of shear
energy transferred to the sea floor, and on the signal-to-noise ratio.
An adequate coupling factor must exist between an S-wave source and the seabed for the
effective transfer of shear forces. Maximum shear wave power density will he transmitted if the
impedances of the source and the bed are matched so that their sum equals zero. This means that
the imaginary parts of the impedances are equal in magnitude but opposite, with the real parts
assumed to be zero. In practice this is only achievable for a very limited frequency range
(Edeln1ann, 1987).
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For a horizontal source at the seabed, the maximum tangential force, F max' that can be transferred
will depend on the vertical force, N f , acting to push the base of the source into the surface. This
dependence is given by:
5.1
where cx r is the coefficient of friction. If the source base is fitted with surface penetrating
elements of some form, then the shear strength of the bed will become the limiting factor for
shear energy transfer: the deeper the penetration the greater the assumed shear strength.
For impulse sources, noise components that may affect records include: forerunning pulses:
further transmission of shear energy after the initial impulse; other modes of vibration (i.e.
compressional waves). The above factors will be considered in the following discussion on
source development.
5.4.2.1 Experiments Using Prototype Signal Generators.
The fundamental unit used in the design of a shear wave generator was an R.S. Components
miniature 12 v. solenoid. This device consists of coil housed in a metal box with length. width
and height dimensions of 29 mm, 16 mm and 19 mm, respectively. A steel slug sits within the
coil: this may be retracted inwards or propelled outwards, due to electromagnetic induction,
when a potential difference is applied across the coil. The slug is 6 mm in diameter, weighs 6.4
g, and protrudes 8 mm from the front face of the housing when fully retracted. It is fitted with
a push off spring to enhance its outward stroke, which can give a maximum force of 40 gf at a
strike distance of 4 mm (R.S. Components Catalogue).
Experimentation began using models comprising a solenoid fixed to an aluminium base plate.
with an impact plate positioned 12 mm from its front face. It was hypothesized that the impact
of the plunger would produce a shearing displacement. which would be transferred to the bed and
propagate as an SH-wa\'l'. travelling in a direction perpendicular to that of the plunger motion.
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The receivers used incorporate bender elements with approximate dimensions of 35 nun x 20
mm x 0.5 mm, supported in a stainless frame by epoxy resin encapsulant; these are described by
Jones (1990).
Test beds were deposited in plastic tanks; these were generally dry or partially saturated as
prototype transmitters were not waterproofed. Three sediment types were used: a very well
sorted, medium beach sand from Red Wharf Bay, Anglesey; a very well sorted. fine beach sand,
of unknown origin; muddy sand from the study area comprising, in approximately equal
proportions, a well sorted, fine sand population and a very poorly sorted, silty, mud population.
The solenoid was driven using a 10 v d.c. square wave produced by a Thandar function generator
(TG 1022 MHz). A frequency of 1 Hz to 2 Hz was used to prevent "wrap-around" of transmitted
signals (i.e. the interference of later features from one impact with early features from the next
shot). Received signals were amplified and filtered, using a Kerno GB2 amplifier. before input
into either a Thurlby digital storage adaptor (DSA524), which was interfaced with an Elonex
computer (PC-333) for display and analysis; or a Hewlett Packard digitizing oscilloscope
(54200A), which was interfaced to a microprocessor with the ability to perform frequency
analysis (FFf). Hard copies were obtained via the Elonex using an Epsom LQ-550 printer or via
the scope using an HP plotter.
Test bed trials indicated that acoustic energy was transmitted to the sediment from both the pull
and the thrust action of the source slug. Received signals from the thrust action had a maximum
voltage amplitude approximately twice as large as those associated with the pull action. In early
tests the time delay between the onset of the rise or fall of the square wave and the plunger
impact (with either the rear of its housing or the impact plate) was not known. Measurements
of wave velocities were therefore determined from the difference in arrival times between two
bender transducers at different distances from the source. Delay times were generally taken from
S-wave onsets, but other features could be used (eg. first peak in trace) if the pulse shape was
consistent between receivers. Calculated velocities ranged from -+9 ms' to 66 ms'. which agree
well with expected shear wave velocities. The propagation of shear waves was also evidenced
by the fact that reversing the shot direction of the plunger produced a ISO" phase change in the
110
received trace.
In order to measure the delay time between triggering and slug impact, an impact sensor was
rigidly mounted to the outside of the impact plate. This sensor consists of a 500 kHz lead
zirconate titanate disc, 9.5 mm in diameter and 4 mm thick, which gives a voltage output when
forced to vibrate in its thickness mode. Measured delay times between triaaerin a and impact onbb b
the front plate were around 20 ms, but this was a function of the potential difference across the
coil.
It was discovered that the arrival time of received signals at bender elements close to the source
was earlier than the slug impact time. The solenoid transmitter was therefore imparting shear
energy to the bed during the accelleration of the plunger, prior to the impact event. This situation
was evident in recorded traces where a low amplitude, low frequency waveform often arrived
prior to a larger amplitude, higher frequency signal. Other workers have reported this problem
for larger scale S-wave sources (Edelmann, 1987; Meissner et al, 1987). In order to eliminate
ambiguity over when zero time occurred, steps were taken to minimize the forerunner pulse, and
isolate shear wave transmission to the impact event.
Two modifications were found to produce the desired effect of increasing the ratio A / Az (post-
impact signal amplitude / pre-impact signal amplitude): the addition of weight to the source base
plate, and the use of neoprene pads to decouple the solenoid from the base. The addition of
weight had the further effect of increasing received frequencies (as indicated in Table 5.1), and
often lead to a reduction in the absolute value for post-impact signal amplitude. These effects
were not desirable as they should give rise to a reduction in maximum propagation path-length.
A weight balance would need to be considered in designs for the final version of a signal
generator, so as to provide adequate coupling to the bed while keeping disagreeable effects to a
rmrumum.
After the addition of neoprene pads to the prototype, it was observed that a number of successive
blows, to the impact plate, occurred after every thrust action of the slug. This was thought to be
due to oscillation of the solenoid on the neoprene base after each initial strike: each blow will
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transfer a portion of energy into elastic deformation of the impact plate. this energy will be
transferred back to the plunger resulting in bouncing. The time between consecutive blows WJS
generally similar to the initial trigger-to-impact delay time. and their amplitude decreased
exponentially. Waveforms consistent with this condition could often be identified in bender
receiver traces. It was regarded that adequate delay occurred between successive strikes for the
prevention of interference to onset time measurements.
Table 5.1 The effect of adding weight to the solenoid base plate on received frequency for
various receiver spacings. For sand the initial dominant frequency is recorded, for site sediment
dominant frequency after the initial 2ms is recorded.
Transmitter to receiver separations mm.
Additional Well sorted medium beach sand Test site sediment
Weight kg 75 100 250 20 100 200
0 940Hz 770Hz 680Hz 370Hz 370Hz 170Hz
0.6 1200Hz
1.7 1620Hz 980Hz 1500Hz 490Hz 390Hz 160Hz
3.1 1800Hz
Received signals generally had a complex form, usually consisting of a high amplitude, high
frequency component early in the trace, followed by a lower frequency component representing
reverberation of the system at its characteristic frequency. The length and relative amplitude of
the two frequency elements varied depending on test bed conditions, receiver positions and base
plate mass. Recorded frequencies were 500 Hz to 2.5 kHz for the high frequency component and
40 Hz to 500 Hz for the low frequency component. The impact plate vibrated at a frequency of
2() kHz after every blow.
The maximum transmitter-to-receiver separation successfully used in trials with prototype
sources was 380 mm, but this was limited by the size of the test bed tank. Similar sediment
velocities were measured when using either the solenoid source or a bender transmitter. Signals
rccci vcd from the solenoid source were of a greater amplitude than those recci ved from bender
elements. with measured voltages being increased by a factor of 5 to 10.
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Fig. 5.3 Orientation experiment conditions with prototype
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An attempt was made to study propagation characteristics for SH-wayeS transmitted through
saturated sediment. For this, the signal generator was waterproofed inside a rubber membrane.
and a test bed was formed from Red Wharf Bay sands, slowly rained into distilled water and
vibrated to obtain minimum porosity. S-wave signals displayed a reduction in amplitude of one
order of magnitude, when compared to measurements in partially saturated sand. This is
consistent with an expected increase in S-wave attenuation with increasing saturation
(eg.Winkler and Nur, 1982). In addition, reduced amplitudes may have been partly due to
restriction of plunger motion, which was inhibited by water pressure around the membrane.
Experiments were conducted to discover the effect of altering the orientations of the source and
receivers. Four experimental conditions were devised; these are illustrated in Figure 5.3. In all
cases two receivers were used, being located at distances of 65 mm and 215 mm from the source.
The test bed consisted of partially saturated Red Wharf Bay sand. Table 5.2 lists the results of
this experiment, showing the initial dominant frequencies received by each bender element. and
calculated sediment velocities from the difference in arrival time between the two receivers.
There appeared to be no significant differences in received signal amplitudes. These results are
difficult to interpret as no SH energy should propagate in the direction of plunger motion (Kahler
and Meissner, 1983). The influence of vertically polarized shear (Sy) waves and P-waves,
reflection and refraction at test tank walls, and imperfections in positioning cannot be ruled out.
Table 5.2 Shear wave frequencies and velocities for various positional arrangements.
Condition 1 Condition 2 Condition 3 Condition 4
Frequency at 65mm 670Hz 650Hz 820Hz 840Hz
Frequency at 215mm 560Hz 630Hz 530Hz 470Hz
Vclocity ms' 60 56 71 77
5.....3 Construction of a Seaworthy Shear Wave System.
To provide protection to the solenoid source, a stainless steel housing \\"as built in the SOS
113
workshop. This consists of an 83 rnm section of 65 mm diameter bar. levelled off at the top and
bottom and hollowed out to provide room for the solenoid (see Fig. 5.4). An '0' ring seal is fitted
at the rear end where an underwater connector is positioned for connections to the coil. The
solenoid is suspended via a neoprene pad from the roof of the housing, so that, when energized,
the plunger makes impact with the inside of the front face. This arrangement was found to
effectively isolate the transmission of shear wave energy to the impact event. The base of the
housing is corrugated, and fins are mounted at the front and back to increase coupling to the bed,
and provide penetration to the same depths as bender receivers. The fully assembled weight of
the signal generator is 1.5 kg.
It was originally intended to use an impact sensor, within the source, to trigger signal acquisition
by the receivers. Attempts using PZT discs and small bender elements as impact sensors were
unsuccessful due to electronic 'pick-up' prior to the impact event. Insulating various components
failed to eradicate this problem as 'pick-up' appeared to occur within the source connector. It was
proposed that shear wave velocity measurements would be made from delay time differences
between receivers at different separations.
The fundamental units to be used as S-wave receivers were purchased via SACLANT Undersea
Research Centre, La Spezia, Italy, and are described by Barbagelata et al (1991). These each
consist of a 31.75 mm square, 0.6 rnm thick, ceramic bender element encapsulated, undamped,
within an 85 mm diameter, stainless steel ring (Fig. 5.5). Each ring has a sharp edge, to aid
penetration of the seafloor, and is attached to a 50 mm long tube carrying the wires to the
birnorphs, which are series connected. Soft silicone rubber is used as a potting compound to
provide relatively unrestricted bender motion, with a thin outer layer of harder polyurethane
holding the elements in place and providing protection during insertion into the bed. The
resonant frequency of these transducers is a function of the mechanical load imposed on the
bender elements by the sediment. This will vary with different sediment types. giving a
frequency range of 100 Hz to 800 Hz (A. Barbagelata, pers. comm.i.
Pre-amplifiers, of the inverting operational type, were constructed at 50S and wired to the
birnorph receivers. These give a gain of 32 db, have a calculated frequency range of 16 Hz to
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Fig.5.4 The SAPPA shear wave signal generator.
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Fig. 5.5 SAPPA shear wave receiver.
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41 KHz, and require an 18 v d.c. power supply to operate. The pre-amplifiers were initially
waterproofed by covering the circuit board in an insulating lacquer. and potting it in a thick layer
of polyurethane resin within a rectangular mould which was open at one end. During seabed
trials, each transducer, with the attached pre-amplifier still contained inside its mould, would be
clamped to a probe arm as one unit. This method of waterproofing was chosen so as to allow the
collection of in situ data without further delay in the construction phase of development.
Unfortunately, it was soon discovered that this arrangement was not effective in waterproofing
the amplifiers at the pressures encountered on-site. Inspection indicated that seawater was
reaching the electronics via connecting wires which passed through the polyurethane resin.
A more suitable design for the protection of bender receiver pre-amplifiers was generated.
Amplifiers were housed in cylindrical plastic containers fixed to the top of receiver tubes (Fig.
5.5). At the top of each housing an '0' ring seal is fitted to allow access to the circuitry of the
amplifier, and an underwater connector is attached for connections to the surface.
A ISO m, screened, 4-core cable was used for transmission of the triggering signal from the
function generator to the solenoid source. For the transfer of a driving voltage to the
preamplifiers, and the transmission of received signals to the surface, a ISO m, 8-core, screened
cable was employed. This cable was split into five tails, allowing it to convey signals to and
from five separate receivers. A signal box was built by the SOS electronics workshop with the
ability to take the input from the top end of the receiver cable, and transfer the five bender signals
to separate bnc type conectors on its front face. This allowed the easy transfer of received signals
to a signal processing unit. A Farnell d.c. power supply unit was fitted inside the signal box to
power the pre-amplifiers. All components of the receiver set-up were connected to a common
earth, and earthed to the sediment via the bender frames: this was found to greatly reduce noise
levels. Figure 5.6 illustrates the electronics associated with the shear wave set-up. The same
amplification and signal processing units were used as for trials with prototype sources (Section
5..+.2.1).
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5.4.3.1 Preliminary Testing.
In order to continue laboratory testing of the shear wave system. a large plastic tank, 2 m x 0.8
m x 0.5 m in length, width and height, was filled with saturated Red Wharf Bay sand to a depth
of approximately 0.2 m. Observations indicated that the signal generator was producing both
shear and compressional waves; the latter being received as low amplitude, high frequency
features occurring early in each trace. V\ values of 55 to 64 ms' and Vp values of 17.+0 to 1780
ms' were obtained. FFT analysis of received signals at path-lengths of 20 mm, 100 mm and 200
mm from the source, gave dominant frequencies with ranges of 50 Hz to 300 Hz for Svwaves.
and 21 kHz to 29 kHz for P-waves~ with frequency generally decreasing with distance.
It was discovered that the delay time between triggering of the solenoid and plunger impact was
variable: using a trigger signal of 6 v, a mean delay time of 17.84 ms. with a standard deviation
of 0.18 ms, was recorded. The arrival time for P-wave signals was found to have the same
standard deviation, with the total delay depending on the transducer separation. When signal
averaging (stacking) was employed P-wave signals were lost. This was a result of destructive
interference between successive signals due to differences in their arrival times. Stacking did not
have this influence on S-wave signals, as the variation in delay time was small in comparison to
the S-wave period (l/f, where f is freqency).
Experiments were conducted to identify any delay in the response time of the bender receivers
to a mechanical disturbance. It was assumed that the PZT disc used as an impact sensor would
respond instantaneously to any disturbance, whereas the bender transducers may respond later,
due to the time required for transmission of mechanical energy across their encapsulating resin.
With both sensors firmly bound to the front face of the source, a delay of 98.-+ us (SO=4.6 /ls)
was recorded for the bender relative to the impact sensor. With the impact sensor attached to the
steel rim of the bender frame this delay was reduced to 76.4 us (50=5.5 us). This lag time was
not considered to be a problem as differences in travel times to benders were to be used in
velocity calculations.
As for prototype signal generators, every outward stroke of the solenoid slug would produce a
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series of impacts. Up to four blows could be identified, with their voltage amplitudes decreasing
exponentially, and the delay time between each strike being similar to the initial trigger-to-impact
delay. Each blow would produce P-wave energy which could often be observed in bender
records as a low amplitude, high frequency feature superimposed on the higher amplitude, lower
frequency sediment shear wave.
Experiments were conducted with the aim of determining the maximum path-lengths over which
measurable shear waves could be propagated. For this, bender receivers were firmly clamped
to one of the SAPPA arms and the whole assembly was inserted into the test bed. The source
was left disconnected so as to prevent the transmission of energy along the frame. Shear waves
were successfully measured at pathlengths of up to I m. Linear regression of onset times gave
a mean S-wave velocity of 124+25 rns'. Calculated velocities were often higher than expected:
this was thought to be due to refraction of shear waves through the laboratory bench on which
the test bed lay. Experiments to determine the difference in signal strength transmitted from the
solenoid source and from a bender transducer, demonstrated superior received amplitudes for the
solenoid, by a factor of between 6 and 48.
The next problem to be addressed, before marine deployment of the system, concerned the
mechanical isolation of the S-wave generator from the receivers. It was decided to rigidly mount
receivers to a probe arm and to decouple the signal generator. Initial solutions involved hanging
the source, via a light-weight cord, from the end of an arm. It was found that if tension existed
in the cord, a frame wave would propagate along the arm, hindering identification of sediment
S-wave onsets. It was assumed that once SAPPA had landed and the arms had fallen, the source
would rest on the seabed and tension would be removed from its connecting lines. This method
of deployment bore other problems: the exact position of the S-wave generator would never be
known, and a frame wave signal may propagate due to the arm resting on top of the source.
Orientation experiments demonstrated that if, on falling to the seabed, the front face of the source
rotated towards the bender positions, received signals differed significantly from those acquired
when the source landed normally. This was not so for rotation of the front face away from the
receivers, in which case signals appeared to be satisfactory for rotation of up to 4~".
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The final design for the decoupling mechanism for the S-wave source involved suspending it,
using elastic cord attached to each of its top four corners, within a steel frame fixed to the end
of a probe arm. This provides a more accurate means of positioning in the horizontal plane but
can not prevent the source from rolling onto its side as it lands. It is suggested that in further
development some form of release mechanism could be constructed.
5.4.3.2 Trials in Intertidal Sediments.
Experiments were performed with the shear wave system at some intertidal sites. where
sediments were not bounded by test tank walls, and transducer resting positions could be
observed. Trials were conducted in soft muds in the Humber estuary, and in muddy sands at
Hireal Bay, North Wales.
Early records indicated unreasonably high shear wave velocities. The initial hypothesis used to
explain this, suggested that forerunning pulses were travelling along the probe arm. due to
inadequate decoupling of the source, or possible from shaking of the first receiver. Experiments
at Hireal Bay aimed to validate this. By attaching receivers so that some pointed upwards into
the air and others pointed downwards into the sediment, an assessment could be made of frame
wave characteristics. It was discovered that little frame wave energy travelled along the arm; this
being rapidly attenuated and producing arrival times exceeding those of the sediment wave.
A new hypothesis was formulated for early 'shear wave' onsets. The source produces both P- and
S-waves. In order to obtain reasonable records, signals have to be averaged (stacked) for a
number of shots to increase the signal/noise ratio. The delay time, Td' between triggering of the
solenoid and impact of its plunger is not constant: it varies by an amount ~ Tel' with a maximum
variation of Ll Tdmax• For a randomly variable Ll Td, stacking should cause destructive interefence,
and ultimately loss of signals with periods, T. below a certain level: T~2~Tctmax• This appeared
to be the case for P-wave components of received signals in laboratory studies. Field
measurements indicated that averaging of P-waves pulses. in certain instances. produced an
artefact signal of a lower frequency. This noise component could be confused with the shear
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Fig.5.7 Typical SAPPA shear wave signals in intertidal mud.
>E
(1)
0.0
ro
+-'
o
>
$-wave
onset
"l -
,
. -_...... - -- -/
,
__oj
I
I
!
._e ... ,
,
...... __._- --~
Time 10ms / division Delay: - JGIns
>
~
o
>
S-wave
onset
Tunc JOIllS / division De Iav -I Oms
wave signal, particularly if it was of a similar frequency. The construction of a source with the
ability to reverse shot direction could overcome these problems: subsequent stacking of signals
with alternating polarities should cancel P-wave contributions, and enhance the Svwave
component of the waveform (Meissner et al, 1987). Nevertheless, reasonable shear wave
velocities were recorded at some intertidal sites, and at some sites in the study area.
Data collected over a 3 day period in soft muds of the Humber estuary, gave V
s
values ranging
between 15 and 30 ms'. Typical received waveforms are illustrated in Figure 5.7. Shear wave
velocity increased to maximum values with time after tidal exposure. Tidal inundation was
associated with high near-bed current velocities, and satisfactory signals were difficult to obtain
during this period. The velocities obtained agreed well with measurements made using a pair of
bender element transducers at a separation of 100mm.
5.5 Summary.
An in situ geophysical probe, named SAPPA, has been constructed and developed for the
measurement of differential pore pressure and shear wave velocity. This instrument consists of
a seabed penetrating lance and a pair of arms which are able to carry various sensors. No
satisfactory pore pressure measurements were collected, primarily due to lack of good quality
shipboard time. The development of a shear wave system has been more successful, and V~
measurements have been made at the study area and at some intertidal sites. However, further
development could greatly improve the signals obtained using this system.
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Chapter 6.
Investigation of Seabed Properties: Procedures, and Data Processing.
6.1 Sampling Strategy.
As discussed in Chapter 3, the study region was eventually divided into a grid of 60 stations (see
Fig. 3.3). Since investigations were to consist of sampling at regular intervals. and the
assessment of a large number of sediment parameters. it was not possible to inspect all stations
in the grid. Four primary stations were selected for a concentrated sampling regime, in order to
generate time series for the measured parameters. On the basis of physical data collected during
preliminary cruises (see below), stations Y6, X6, C6 and D6 were chosen (Fig. 3.3). These sites
are positioned along an east-west (approximately onshore-offshore) transect, with a total length
of 2.5 nautical miles (4630 m). Station D6 is situated in the most shallow and onshore location.
and Y6 lies in the deepest and most offshore waters. Subsequent analyses indicated that the four
primary stations could be grouped into two classes; with C6 and D6 being termed 'sandy stations'.
and Y6 and X6 being termed 'muddy stations'. These references are strictly relative and are not
intended to be consistent with any particular textural classification.
Eleven cruises to the study area took place, aboard the Prince Madog, between May 1993 and
May 1995. The boat was able to remain on-site for a maximum of 3Y2 days, but many cruises
were cut short or even cancelled due to harsh weather conditions. Table 6.1 provides cruise
dates. and lists the stations sampled and parameters measured. Preliminary field work
concentrated on testing equipment, and coring a variety of sites within the study area in order to
gauge spatial variability. After the third preliminary cruise, in September 1993, the four primary
stations were chosen for the main sampling programme. Cores from these sites were successfully
obtained in October and November 1993, but it was not until early 1994 that techniques were
available for measurement of the full range of physical and biological parameters. Subsequent
cruises took place in March, May. June and September 1994, and April and May 1995. Samples
were collected from all the primary stations on each of these excursions. with the exception of
the l\larch 1994 cruise, during which cores were only recovered from Y6 due to poor weather
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conditions.
Table 6.1. Cruise record. Displaying cruise dates. stations from which core samples were
recovered, and parameters measured on core samples. Measured parameters include: shear wave
velocity (~J, compressional wave velocity ratio (Vp- ratio), electrical formation factor (FF). vane
shear strength (Su)' moisture content (w), sand content (FJ, carbonate content for grains> 63 urn
(%Carb), total organic matter content (TOM), bacterial number (BN). total carbohydrate content
(CC), liquid-phase carbohydrate content (LPC), and polysaccharide content (PC). PSD signifies
full particle size distribution analysis. P denotes preliminary cruises.
Cruise Date Stations Sampled Physical Parameters Biological parameters
measured measured
P 28/5/93 B6, C6, D6 Vp-ratio, %Carb, PSD
P 23/6/93 C6, C8, CIO Vp- ratio, F, ' %Carb
P 1-2/9/93 Y2, Y4, Y6, Y8, YIO Vp- ratio, S;
X2, X4, X6, X8, XIO
4-7110/93 Y6, X6, C6, D6 Vp- ratio, S; . w, F, ' %Carb
10-11/11/93 Y6, X6, C6, D6 Vp- ratio, Su . w. F, . %Carb TOM. BN,
21/3/94 Y6 Vp- ratio, FF. Su . \t'. F, TOM. BN, LPC, PC
%Carb
23-25/5/94 Y6, X6, C6, D6 V" Vp-ratio, FF. s.. u, F, Full suite
J7-29/6/94 Y6, X6, C6, D6 Full suite Full suite
19/9/94 Y6, X6, C6, D6 Full suite Full suite
10-11/4/95 Y6, X6, C6, D6 Full suite Full suite
22-25/5/95 Y6, X6. C6, D6 Full suite Full suite
As indicated above, three preliminary cruises took place, prior to implementation of the main
sampling programme. On the first of these cruises. in late May 1993, two cores were collected
from stations B6, C6 and 06, which comprise a roughly shore-normal transect. Pvwavc velocity
logging was performed on both cores from each station. and full grain si/c analysis and carbonate
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content determination was performed on one core from each station. On the second preliminary
cruise, in late June 1993, two cores were taken from stations C6, C8 and C 10, which comprise
a roughly shore-parallel transect. Analysis procedures were identical to those described for the
shore-normal transect, except that full grain size analysis was replaced with determination of
sand content. The objective of the third preliminary cruise was to assess physical properties at
muddy stations (along lines Y and X). This involved collection of two cores from each of the
following stations: Y2, Y4, Y6, Y8, YI0, X2, X4, X6, X8 and XI0. Measurements of P-wave
velocity and vane shear strength were made on every core, but no textural analysis was
performed.
The procedures described below refer to those adopted for the main sampling programme.
Additional remarks concerning preliminary cruise procedures are given where necessary.
6.2 Sampling Procedure.
Sampling stations were located using the ship's GPS, and once positioned above the correct
station, coring could proceed using the sediment multicorer. Seven cores were required from
each site: three for physical analysis and four for biological analysis. The number of cores taken
for physical examination reflected the amount of laboratory time available in between cruises:
unlike biological investigations, storage of physical cores for long periods of time was not
feasible due to the possibility of structural alteration occurring.
Although the corer was able to recover four cores from any single deployment, this was not
always accomplished and a number of drops were often necessary. Difficulties occurred most
often at sandy sites, where hard packed sands and shell layers inhibited penetration of the core
tubes. Failure to retrieve cores also resulted from mechanical problems with the apparatus. For
instance, grains of sand lodged within the instrument could prevent certain components from
operating normally. When such problems arose, deployment of the corer was repeated until a
satisfactory set of samples had been obtained.
Cores were removed from the multicorer and both ends were sealed using rubber bungs.
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Removal of each core required the use of two operators, with one removing the bottom catcher
and the other simultaneously inserting a stopper. From each deployment cores were chosen for
either physical or biological examination based on two criteria: core length. and any visible
evidence of structural damage due the coring process. Since biological measurements were only
made to a depth of 125 mm, the longest cores were generally taken for physical analysis.
Sediment which had incurred a significant degree of structural disturbance could not be accepted
for physical investigations, but was suitable for biological analysis, provided that no vertical
mixing of materials had taken place. In most cases the above criteria were irrelevant and cores
were chosen at random. An effort was always made to procure both physical and biological
samples from every descent of the corer. This was an attempt to reduce differences between
biological and physical cores resulting from spatial differences in bed properties: although
different cores were used in biological and physical analyses, its is reasonable to assume that a
pair of cores taken from one deployment will be more similar than a pair of cores taken from
separate deployments, since different sampling points at anyone station may be separated by a
few metres due to drift of the ship.
6.3 Core Analysis Procedures and Preliminary Data Processing.
Core analysis involved the measurement of twelve sediment parameters, at predetermined depth-
levels, in order to produce depth profiles. For each station and sampling date, the chief objective
was to get the best possible estimate of the mean value of each parameter at every depth-level.
Recorded values were averaged for each measurement level to give 'depth-mean' values. For
SOBle parameters only a single measurement was taken at each depth-level; for consistency these
values are also termed depth-means.
The mean and standard deviation were calculated for different combinations of depth-means.
For any grouping of depth-means variability was estimated from the coefficient of variation.
This is calculated by division of the standard deviation by the mean, and is expressed as a
percentage.
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6.3.1 Physical Characterization of Cores.
After sampling and detachment of cores from the multicorer, they were stored with both ends
stoppered, for as short a time as possible, until analysis could be performed. Of the three cores
taken at each station for physical measurements, one was examined at sea (within a few hours
of sampling) and two were reserved for analysis in the laboratory (up to three weeks after
sampling). Core samples studied at sea had insufficient time to equilibrate to ambient
temperatures, and temperature variations were constantly recorded during logging operations.
Cores tested in the laboratory were allowed to equilibrate to laboratory temperatures (- 20°C to
2SoC). No attempt was made to control environmental conditions during the storage period.
The following physical parameters were measured: shear wave velocity (V\), compressional
wave velocity ratio (Vp- ratio), electrical formation factor (FF), vane shear strength (511). moisture
content (w), sand content (FJ, and carbonate content for grains> 63 urn ((/rCarb). Investigations
at sea included measurements of Vp- ratio, FF and 5u; satisfactory shear wave records could not
be obtained due to high ship noise levels. Samples for measurements of moisture content and
textural characteristics were taken from laboratory cores.
Table 6.2. Number of replicate measurements and measurement intervals for all physical
parameters measured on cores at sea and in the laboratory.
Test Measurement Interval Sea Core Lab Core 1 Lab Core 2
P-wave 3Smm interval every 2Smm 2 I I
-
S-wave Discrete points every SOmm 1 1
Resistance 60mm interval every 20mm 2 I ')
-
Shear Vane S or 2Smm interval every 2Smm 1-2 1-2
Grain Size 2Smm interval every 25mm 1
Carbonates 2Smm interval every 2Smm 1
Moist LIre lOmm interval every 10mm 1
Table 6.2 illustrates the tests performed on each core. The core examined at sea is labelled the
'Sea Core' and cores studied in the laboratory are labelled 'Lab Cores' I and 2. The 'Measurement
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Interval' indicates the core length over which a measurement was averaged, and the interval over
which sampling was repeated. During preliminary cruises, measurement intervals for V - ratio,p
Su' and w were larger than given in Table 6.2. The length over which measurements are averaged
depends on transducer dimensions, electrode separations, heights of shear vane blades, and the
lengths of sections taken for bulk parameter analysis. For geophysical measurements this value
may have some degree of uncertainty (see Section 6.5.3.1). Table values indicate the number of
measurements taken at each depth.
The general procedure for the physical analysis of a core is summarized below:
1. The core was inserted into the test frame bottom catcher and the stoppers were removed.
The core was then attached to the top of the test frame.
2. Compressional wave travel times were recorded.
3. Supernatant waters were removed and the sediment was gradually lowered into the core
testing frame. Supernatant waters were then gently replaced.
4. Electrical resistances were measured.
5. Shear wave travel times were recorded.
6. The core was extruded from the test column and either shear vane testing was performed,
which for laboratory cores was followed by sampling for textural analysis; or the core
was sectioned into samples for moisture content. Some further shear wave
measurements were made, if necessary, using a shear wave collar attached to the top of
the test frame.
The experimental procedures and preliminary data handling associated with the stages outlined
above are considered in more detail in the following sections.
6.3.1.1 Transfering Sediment Cores to the Analysis Apparatus.
One of the more challenging aspects of core investigations was the transfer of material from core
tubes to the analysis frame without causing notable disturbance to the sediment structure. The
first stage in transferring a core involved its insertion into the test frame bottom catcher and
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subsequent removal of the rubber stoppers. Cores were inserted by pushing the base end into the
ring of the catcher until the cutting edge was positioned immediately above the space for the
sliding catcher plate. Once this was achieved, cores were placed onto an elevated plane with a
large diameter hole in its surface, allowing access to the bottom stopper. Following this, the top
and then bottom stoppers were removed, with the sliding plate being pushed beneath the
sediment immediately after dislodgement of the bottom stopper. Extraction of the rubber
stoppers was aided by string grips looped through holes drilled across their diameters.
Once mounted in the bottom collar, cores were placed on top of the analysis frame and located
directly above the test column by three pins (see Fig. 4.2). Before dropping a sample into the test
column it was important to ensure that the core tube and column were vertically aligned. This
was facilitated by a supporting frame, comprising four metal struts and a collar, used to position
core tubes.
Preceding the descent of a core all supernatant waters were removed and stored: this being
necessary due to inadequate waterproofing around the bottom catcher. For this purpose a small
diameter tube was employed as a syphon. After syphoning, the bottom catcher plate was
removed and the core was gently dropped into the test column whilst resting on top of the
plunger. This was done very slowly and with great care so that the core fell under its own
weight, and was not pulled by any suction that the descent of the plunger might cause. A hole
at the base of the test column permitted the escape of air from below the plunger, preventing any
build up of pressure.
Once a core reached the desired level in the test column supernatant waters were replaced. This
operation was performed with great care using a small syringe, and with practice it could be
completed without any significant resuspension of the surface grains.
6.3.1.2 Compressional Wave Velocity Analysis.
Measurements of the transit time for a P-wave pulse between two diametrically opposite
transducers coupled to the core exterior, were made at intervals down the main axis of each core,
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to a total depth of up to 0.2 m. Two readings were taken at each depth. these being perpendicular
to one another. Frequent measurements of delay times were also made across the section of core
tube containing supernatant fluid. When using the 50 mm diameter transducers (during
preliminary cruises) measurements were made at 50 mm intervals; with the 35 mm transducers
values were recorded at 25 mm intervals, giving some overlap between measurements.
Throughout the analysis period the temperature of the surface waters was constantly monitored,
and after logging a water sample was taken for salinity measurement using a refractometer.
Vaseline was used to provide adequate coupling between the transducer faces and the outside of
the core tubes. Signals were enhanced by averaging (or stacking) an arbitrary number of received
waveforms on the sonic viewer, until a signal onset could be accurately defined. Gain controls
were varied depending on signal quality, and no filtering was applied.
The compressional wave velocity for the surficial waters (Cw) was calculated using the
relationship:
21410+ 4.21T
w
- 0.037Tw + 1.148 6.1
where Til' is temperature (Celsius) and S is salinity (p.p.t.). No term was added for water depth
since the velocity of surficial waters at atmospheric pressures was the variable being assessed.
Sediment P-wave velocity (Vp ) was calculated using the relationship:
v =
p 1- (dT.C
w
lei) 6.2
where ~ T is equivalent to Til' -T, (the travel time for a P-wave pulse across a section of core
containing supernatant fluid minus the travel time across a section containing sediment) and d
is the inside diameter of the core tube (94.6+0.2 mm).
For every core, the two velocity values for each depth-level were averaged and expressed as the
",,_ ratio (VIC".). This ratio does not vary with changes in the temperature and pressure of any
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particular core (Hamilton, 1971), and allows comparisons to be made between cores logged at
different temperatures. For each station, Vp- ratio values from the three cores studied were
averaged to give a depth-mean for each measurement level.
6.3.1.3 Electrical Resistivity Analysis.
After P-wave logging had been performed cores were dropped into the testing column, and
measurements of electrical resistance were made using the two sets of equispaced electrodes
located down its length. Cores were positioned so that the base was as close to the bottom of the
testing column as possible and the interface was just above an electrode. Readings were taken
in the form of a Wenner traverse, with two outer screws acting as current electrodes and two
inner screws acting as potential electrodes. Measurements were made using the Geopulse set to
record a mean resistance over 4 cycles, for an input current of 2 rnA. The Wenner arrangement
was moved down the length of the core to produce a resistance profile with a measurement every
20 mm. This operation was repeated twice down the two sides of every core, and the recorded
values were averaged for each level. As for P-wave analysis, temperature of the supernatant
fluids was constantly monitored during resistivity logging.
To gain values of FF, values of pore water resistance were required for each core, over the range
of temperatures encountered during examination. It was assumed that supernatant waters had
identical properties to those of the pore-fluid; if a core was short enough the resistance of these
waters could be easily measured. When this was not possible resistances were estimated using
recorded values of temperature and salinity, and regression equations derived from previous
measurements. Alternatively, after logging and removal of a core from the test column, the
supernatant waters could be replaced for resistance measurements. This was generally acceptable
in the laboratory where temperatures were constant over short periods of time. Formation factor
was computed using the relationship:
FF = =
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R F
w
6.3
where Pg and p; are the resistivities of the sediment and pore-fluid respectively: Rg and R; are
the measured resistances of the sediment and pore fluid respectively; and F is a geometric factor.
In practice, since the same dimensional factor was involved in the measurement of both sediment
and water resistivity, FF was simply computed from the ratio of the resistances.
For each station, formation factor values from the three cores analysed were averaged to give a
depth-mean for each measurement level.
6.3.1.4 Shear Wave Velocity Analysis.
After resistance logging had been performed the core level was adjusted so that the sediment-
water interface was positioned 10 mm above the centre-line of the closest pair of shear wave port
holes. Earlier experiments had demonstrated great difficulty in obtaining shear wave records
with transducers placed at the interface: at a depth of 10 mm the identification of repeatable
shear wave signals became much more reliable. Once a satisfactory core level was attained,
shear wave records were taken at 50 mm intervals down the core length, to the maximum
possible depth.
At each pair of diametrically opposite port holes, shear wave transducers were inserted with their
bender elements orientated for the generation and detection of horizontally polarized shear (SH)
waves (i.e. with the width dimension parallel to the vertical axis of the core). Once inserted the
separation between the rear edges of the transducers was measured. using callipers, to an
accuracy of 0.02 mm. From a knowledge of the total length of each transducer, this distance was
converted into a tip-to-tip separation.
When in position, one transducer was excited using the leading edge of a low frequency de
square wave (I Hz to 4 Hz), with a pk-pk amplitude of 10 v to 50 v depending on the level of
shear wave attenuation (i.e. amplitude of the received signal). This step function also acted to
triuucr the timebase of an oscilloscope. The opposite transducer performed as a receiver, with
"- "-
its electrical output being amplified. filtered and passed into the oscilloscope..~n amplification
of 5.+ dB was usually applied with a high frequency cut of 10 kHz. Further filtering \\as
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performed if necessary. Received traces were averaged until a satisfactory waveform was
produced, and this was either plotted as a hard copy or saved on disc. Once a shear wave onset
was identified, shear wave velocity was calculated from ~x /~t, where 1x is the distance
between the transducer tips (mm) and ~ t is the time delay between triggering of the transmitter
and reception of the sediment shear wave (msec).
At first, transducers were only partially inserted into the port holes. In total three or four records
were taken at each depth, with transducers being sequentially inserted further until full insertion
was established. Once a trace had been recorded for the smallest separation (i.e. full insertion),
transducers were left in position for a short time, after which measurement at this separation was
repeated. These procedures enabled greater certainty in the determination of sediment shear
wave onset times. For consistency, the shear wave velocity taken at each depth corresponded to
the initial value recorded for the shortest separation; all other measurements were used to confirm
this value.
After S-wave measurements had been taken at every depth-level, transducers were removed,
supernatant waters were syphoned off, and the core was gradually extruded. In some cases
additional measurements were taken using a shear wave collar attached to the top of the test
column. Shear wave velocities obtained using the collar were considered to be underestimates
of the true ~~ value (see 4.3.4.3), and were used to help verify values obtained in the test column.
For each station, shear wave velocity values from the two cores studied were averaged to provide
a depth-mean for each measurement depth.
6.3.1.5 Moisture Content Determination.
For every pair of cores used in laboratory analyses one was sectioned into moisture content
samples after geophysical measurements had been completed. For cores collected during and
after May 1994, samples were taken at 10 mm intervals to a maximum depth of 0.2 m. This was
done by extruding the core until its upper surface was 10 mm proud of the top edge of the
analysis column. This section was then sliced away. using a pair of large palette knives. and
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placed into a preweighed basin. The basin and wet sediment were immediately weighed and
placed into an oven at 105°C +50C, for at least 24 hours. A similar technique was used for cores
collected before May 1994, but a sampling interval of 25 mm was employed.
Samples taken generally had wet weights of 90-180 g, and all weighings were to an accuracy of
two decimal places. After removal from the oven, samples were placed into a dessication
chamber containing dry silica, until they had cooled to room temperature. The dry sediment and
basin were then weighed and moisture content was calculated as the ratio of the mass of water
(Mw) to the mass of dry sediment (MD) , corrected for salt content and expressed as a percentage
using the relationship:
w 6.4
where M, is the mass of the wet sediment and basin, M;. is the mass of the dry sediment and
basin, M 3 is the mass of the basin, and S is the mass of salt in the sample. For a salinity of 34';;c;
typical of the study region, S is given by:
s =
M
w
0.966
-M
w
This salt correction is necessary since evaporation of interstitial waters produces a salt residue
in the dry sediment which should be considered as a constituent of the fluid phase.
From measured values of moisture content and the specific gravity of the mineral grains (Section
6.3.1.7), and assuming that the sediment was fully saturated (i.e. none of the sediment pore space
was filled with gas), profiles of void ratio (e), porosity (n) and bulk density (p) were calculated,
using the expressions given below:
e = 6.5
n = =
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1 + e
P = PI ---
where Vv is the volume of voids, l(\" is the volume of solids, VII is the total sediment volume, Gil
is the particle specific gravity and Pr is the density of seawater.
6.3.1.6 Shear Vane Testing.
For each sampling station, shear vane measurements were made on the core examined at sea and
on one of the two cores tested in the laboratory. Shear vane testing was not performed on the
core sectioned for moisture content determination, since action of the vane could cause vertical
migration of pore-fluids. Two vanes were used: for soft materials (Su~4.5 kPa) a cruciform vane
with height and diameter dimensions of 25.4 mm was employed; for stronger materials (Su>4.5
kPa) a T 175 vane was used (see Chapter 4).
After shear wave velocity logging had been performed, supernatant waters were syphoned away
and the core was forced upwards until the air-sediment interface was level with the uppermost
edge of the testing column. The shear vane was inserted into this surface until the top edges of
the vane blades were level with the surface, and rotated by hand until the sediment failed. After
recording the maximum shear stress applied just before failure, the core was forced upwards until
the interface lay 25 mm above the top edge of the testing column. This portion of material was
then carefully sliced away to leave a clean, plane surface flush with the top of the test column.
The shear test was again performed and the whole procedure was repeated until measurements
had been recorded for every 25 mm section of core, to a maximum depth of 0.2 m. When using
the T 175 vane, measurements were made at the mid-point depth of each 25mm section. During
the preliminary examination of muddy stations, measurements were repeated at 50 mm intervals.
When using the cruciform vane, each core cross-section would be visually divided into four
quadrants. Two vane tests were performed. in opposing quadrants, for every core sect ion, and
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the pair of quadrants chosen was alternated for succesive core sections. This step was taken to
prevent shear tests being performed in areas of material which had been disturbed due to
accidental vane intrusion during testing in the overlying sediment layer.
Since the vane was hand held, applying a predetermined stress rate was not particularly easy. and
using a steady and consistent rate was thought to be more important. A relatively rapid stress rate
was chosen so that samples failed after approximately 10 seconds. This was of benefit to the
operator, particularly at sea where movement of the research vessel could cause problems when
attempting to maintain a static position. When using the cruciform vane it was necessary to
closely scrutinize movement of the pointer across the stress dial, since it lacked a mechanism
capable of recording the maximum torque achieved. Once the maximum torque (r f) had been
measured it was converted from a value in ounce inches to a vane shear strength value in kPa,
using the expression:
6.8
The T 175 vane was only used in sandy cores (sites D6 and C6) at depths greater than 5cm. The
diameter of this instrument was too large to allow multiple tests at anyone level. This vane
would be held in place by applying a vertical pressure, and rotated at a constant and relatively
rapid rate to produce sediment failure after 5 to 10 seconds, as directed by the manufacturers.
A measure of vane shear strength, in kPa, was read directly from the dial on the T 175 vane,
which was able to record the value corresponding to the maximum angular deflection of the vane
pointer prior to failure.
For each station, vane shear strength values from the two cores studied were averaged to give a
depth-mean for each measurement level.
6.3.1.7 Textural Analysis.
Samples for textural analysis were taken from 25 mm sections of one laboratory core from each
station, to a maximum depth of 0.2 m. After shear vane testing. each sediment core section was
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sliced away and divided into four quadrants. Two opposing quadrants were removed and used
in textural analysis, giving samples of between about 50 g and 150 g (dry wieght).
Particle Size Distribution.
In general, grain size analysis simply involved splitting samples into coarse-grained (>63/lm) and
fine-grained «63/lm) fractions, and measuring the proportions of each in relation to the total
sample mass. Due to time limitations, full analysis of grain size distributions was only performed
for some preliminary survey samples. To simplify terminology, the proportion of coarse-grained
material is referred to as the sand content; irrespective of the presence of gravel-sized shell
material. Analysis was performed using the standard methods employed by sedimentologists in
SOS. The following procedure was used for each sample:
1. In order to remove organic matter the wet sample was transferred to a 11. beaker, covered with
dilute hydrogen peroxide (5%) and placed on a hot plate at 60°C. It was left in this situation for
about 3 days, until the reaction was complete; this point being identified as the time when
significant amounts of CO2 were no longer emmitted from the mixture with the addition of more
H,O,. If the reaction became too violent two or three drops of octan-z-ol were added: this has
the effect of reducing surface tension and prevents excessive 'bubbling'.
2. The sample was taken to a mechanical mixer and blended for about 20 mins, The rotation of
a blade in the mixer acts to breakup aggregates and floes into their component particles.
3. The dispersed mixture was washed, using a small jet of distilled water, through a 63 urn sieve.
If any retained sediment still appeared to be aggregated it was returned to the mixer and then
sieved a second time.
4. Material retained on the 63 urn sieve was transferred to a preweighed basin and placed into
oven at 105°C +5°C, for at least 24 hours. Proceeding this period the basin was placed into a
dessication chamber until it had cooled to room temperature. after which its was wieghed and
referred to as the sand fraction.
5. Material passing the 63 urn sieve was transferred into a 11. centrifuge bottle, and the mixture
was made upto about 11. with distilled water. The mixture was centrifuged for 20 rnins. at 2000
rpm. after which the supernatant was discarded and the solid residue was transferred to a
13.+
preweighed basin. The steps outlined in 4. were followed. and the dry sediment was referred to
as the mud fraction, comprising the silt and clay components of the sediment.
6. The proportions of sand and mud were calculated as percentages of the total sample mass
using the relationships:
%Sand =
M
s
M+M
s m
xlOO %Mud =
M+M
s m
xlOO 6.9
where M\ is the dry mass of sand and Mm is the dry mass of mud.
When a full particle size distribution was required, the sand fraction was graded by dry sieving,
and the mud fraction was analysed using a Micromeretics Sedigraph 5000ET. Sands were sieved
at 0.25<1> intervals according to standard procedures employed at SOS. Muds were firstly
dispersed in a solution of 0.1 % Sodium Hexametaphoshate (Calgon), and then analysed
according to instructions given in the Sedigraph manual.
These techniques were chosen from several available in the department. For analysis of sand-
sized materials a fall-tower method offered an alternative to dry sieving. This separates grains
on the basis of settling velocity in a quiescent fluid, whereas sieving divides a sample due to
particle geometries. A number of arguments justified sieving as the more logical choice for the
analysis of sands: firstly, since particle size distribution was being studied due to its influence
on sediment structure, grain geometry was considered to be more appropriate than hydrodynamic
properties; secondly, coarse fractions often included grains. particularly shell fragments, which
were too large for insertion into the fall-tower, but could be categorized using sieves; finally, the
fall-tower is only able to analyse samples of up to about 6 g in mass. The use of much larger
samples in sieving analysis results in a better bulk average.
For the analysis of fine-grained materials. hydrometer and pipette techniques were available in
addition to the Sedigraph. All techniques rely on the settling rate of grains in a quiescent fluid,
from a dispersed mixture: hydrometer analysis utilizes the reduction in density of the mixture:
pipette analysis examines variation in the mass of solids occuring at a particular level in the
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mixture; and the Sedigraph inspects the attenuation of X-rays, at different levels. as settling
proceeds. The Sedigraph was chosen simply on the basis of time contraints: being much less
time consuming, in terms of both operation and data handling. than the alternative methods. It
has been shown to produce accurate results, which agree well with conventional methods of grain
size analysis (Stein, 1985). It is thought to be more accurate than hydrometer or pipette analysis
due to a smaller degree of operator error.
Grain Size Statistics and Data Processing.
From the two particle size distributions, one for sands and one for muds. a curve of the
cumulative weight percentage coarser than versus phi diameter was required. This involved
manual modification of the sedigraph data (which was a plot of mass percentage finer than versus
grain diameter in mm) and unification of the two data sets, which was accomplished using either
a computer spread sheet or a FORTRAN programme developed in the department.
Grain size distributions for naturally occuring sediments are commonly considered to be log-
normal (Herdan, 1960) or, more often, to consist of a series of overlapping log-normal sub-
populations. The graphical presentation of such distributions can be simplified by plotting the
cumulative percentages along a probability scale. In theory this results in a set of straight lines
with each line representing a different sub-population of the sediment. This type of presentation
was thought to be advantageous. particularly since graphical methods, which rely on accurate
interpolation, were used for the calculation of grain size statistics. Consequently all particle size
distributions (except those calculated using the FORTRAN programme) were plotted, by hand,
on probability paper.
The Folk and Ward (1957) graphical method was adopted to determine grain size parameters for
all samples. This method was chosen for its simplicity. and because it does not require
information on the extreme tails of the grain size distribution. This avoided extrapolation of the
fine tail, since the distribution of the very smallest particles was generally unknown. The Folk
and Ward graphical method involves the determination of percentiles. by interpolation of the
cumulative curve. at 5o/c. 16(k. 500(,. 8'+o/c and 95o/c. From these percentiles the following grain
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size statistics were computed: median grain diameter, mean grain diameter, sorting (inclusive
graphic standard deviation), and skewness.
Carbonate Content Analysis.
An early observation relating to the texture of sediment core samples was the abundance of shells
and shell fragments, particularly in sandy cores. Box cores taken during precursory site surveys
had indicated the existence of shell laminae; being located at a depth of approximately 0.1 to 0.2
m, and consisting primarily of the bivalve Arctica islandica (A. Rowden and I. Rees, pers.
comm.). The shells of these may reach 100 mm in diameter. Evaluation of carbonate content
was considered necessary due to the influence of such particles on sediment structure.
Carbonate content was determined by acid digestion in 10% HCl solution. From the washed and
dried sand fractions of samples used in grain size analysis, subsamples of between 30 and 70 g
were taken, using a motorized rotary splitter, for carbonate content determination. The carbonate
content of fine-grained material was not investigated due to time constraints, and because it was
considered to be of lesser importance in terms of sediment structure. The proportion of carbonate
material greater than 63 11m in size was expressed as a percentage of the total dry sample mass
(MT) , using the relationship:
%Carb = ( Ms M ) _1_ x 100M carb M
ss T
6.10
where M I, is the total mass of sand, M,I's is the mass of the sand subsample, and Mearh is the mass
of carbonate material in the subsample.
Particle Specific Gravity.
The specific gravity of both mud and sand grains was determined at least once for each primary
station, using standard procedures outlined in BS 1377: 1975. The mean values obtained were
assumed to be constants for each station and were used in calculations of void ratio. porosity and
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density (see Section 6.3.1.5). Determinations were conducted separately for muds and sands and
the specific gravity, Go, at any core level was calculated using the relationship:
Go=GF+G(I-F)
ssm s 6.11
where G,\ is the specific gravity of sand grains, Gm is the specific graviy of mud grains, and F, is
the fractional sand content of the sediment. Mean values of G, and Gill at each primary station
are given in Table AI.
6.3.2 Biological Characterization of Cores.
For the assessment of biological sediment characteristics, all sample processing was conducted
by Miss C. Unsworth (former research assistant at SOS). Immediately after sample recovery.
cores were sectioned at 25 mm intervals to a depth of 125 mm. After preliminary sample
processing at sea, samples were stored for later laboratory analysis. For all biological parameters,
four replicate samples were taken for each depth-level and measured values were averaged to
give depth-means.
The primary objective of biological analysis was to assess the microbiological characteristics of
the sediment. Of particular interest was the influence of exopolymer secretions (EPS) on
physical bed properties. Quantifying sedimentary EPS is difficult, particularly since different
mucous secretions serve different functions and possess different properties (see Chapter 1). The
biological techniques employed, and parameters measured, were chosen after consideration of
accuracy. applicability to the problem being addressed. time constraints and technical difficulty.
Measured parameters included: total organic matter content (TOM). bacterial number (BN). total
carbohydrate content (CC), liquid-phase carbohydrate content (LPC), and polysaccharide content
(PC).
After drying samples at 60°C. TOM was calculated from wieght loss after muffling at 550°C.
Values were expressed as percentages of the dry weight of sediment prior to muffling. CC. LPC
and PC were determined by a method adapted from Gerchakov and Hatcher (1972) and Grant
1~8
et at (1986), based on the phenol sulphuric acid method of Dubois et al (1956). Values were
expressed as the ug glucose equivalent per g dry weight of sediment. Bacterial numbers were
determined from plate counts, using the spread plate technique on Zobell's 2216E medium. The
study was confined to aerobic heterotrophic bacteria since facilities for anaerobic work at sea
were not available.
6.4 Errors: Experimental Errors and Spatial Heterogeneity.
For any scientific measurement it is necessary to make statements about the 'true' value of the
measured quantity and a prediction of the accuracy of measurement. Experimental errors are
separated into systematic errors and random errors. Systematic errors are generated by the
instrumentation and method of mesurement employed. They always bias a result in a particular
direction. Sytematic errors can only be avoided by critical analysis of the measurement
technique. Random errors are due to interference during measurement. Every experimental
technique has limited accuracy, and some degree of random error will always occur.
Depth-mean values will display variance due to experimental errors and natural within-station
lateral heterogeneity. Experimental error can, in many cases, be estimated from an assessment
of the measurement technique. Natural within-station spatial heterogeneity can be assessed by
performing a number of replicate measurements, and calculating the variation about the mean.
Generally speaking, however, these two sources of variance cannot be separated. For this reason,
depth-mean error (DME) values incorporate both natural spatial heterogeneity and experimental
error.
Estimated values for depth-mean errors are given in Table 6.3. Measured parameters were
divided into two classes: those for which replicate measurements were made, including Vs '
Vp - ratio, FF, S; ' and biological parameters; and those for which only a single measurement was
Blade, including, F" H' and c/rCarb. In the former case, error values correspond to coefficients
of variation calculated from within-station replicates. Where only two replicate measurements
were taken the range has been used rather than the standard deviation. In the latter case, although
onlv a single measurement was taken at each depth-level for each sampling date. measurements
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were repeated at different times. For multiple replicate parameters, it was discovered that DME
values were similar to coefficients of variation for temporal variability (see Chapter 10). It was
assumed that this was also true for single replicate parameters. and errors in depth-mean values
were estimated from coefficients of variation calculated using replicate measurements taken at
different sampling times. With regard to random sampling errors, values given are upper bound
estimates for both types of parameter, since they incorporate both experimental error and some
form of natural within-station heterogeneity. The sections below consider possible sources of
experimental error for different parameters.
6.4.1 Moisture Content.
Experimental error associated with moisture content determination could occur due to loss of
moisture during sampling, and incomplete dessication of oven dried samples. For parameters
calculated from w, additional error was possible due to incorrect assumption of complete
saturation, and error in specific gravity values (Lee and Chough, 1987). The later was minimized
since separate determinations of Go were conducted for fine- and coarse- grained sediment
fractions.
6.4.2 Sand Content.
With regard to the determination of percentage sand content, the chief source of experimental
error was associated with incomplete wet sieving of fine-grained material. This was considered
to be minimal since great care was taken during the sieving process, and sieving was repeated
unti I drainage water appeared to be absolutely clear.
6.....3 Carbonate Content.
Two sources of experimental error were associated with carbonate content determination:
incomplete acid digestion of carbonate material, and the production of unrepresentati \T samples
during sample splitting. The former was considered to be negligible since samples were carefully
monitored, and additional HCI was added until no further reaction could be observed. The later
1.f0
was minimized by removing large shell fragments before splitting, and making separate
weighings. Small-scale spatial heterogeneity was thought to be particularly relevant with regard
to carbonate content, due to the patchy distribution of shell laminae.
6.4.4 Vane Shear Strength.
Many factors can influence vane shear strength results, as discussed in Chapter 3. Of particular
relevance to this study are drainage effects, which may be important in high permeability, sandy
materials. During the vane test it is assumed that effective stress is zero. but this may not be the
case if migration of pore water occurs in reponse to vane loading. It was impossible to quantify
any such error, but it was minimized by use of a rapid rotation rate. Variation in the rate of vane
rotation is the most important source of operator error. For any individual study it is of prime
importance to maintain a consistent rate of rotation. Error was minimized by using a single vane
operator.
An additional source of variance in depth-mean values was associated with the use of two
different vanes in sandy samples. Each depth-mean was calculated by averaging shear strength
readings from two cores. It was possible for the cruciform vane to be employed for measurement
in one core, and the T175 vane to be employed at the same depth in the other core. Although
both vanes give similar readings in homogenous materials (Chapter 3), this will not be true in
heterogenous materials since they have different dimensions, and thus average different sediment
volumes. In practice this situation was uncommon, but the use of two vane types may have made
a significant contribution to vertical variability.
~ -
In a study of fine-grained sediments using the same type of vane apparatus employed in this
study, Faas (1986) reports reproducibility of results ranging from 1% to 63% of the mean. This
coincides well with the ranges encountered for most stations, excluding C6 where the maximum
DME value was 900/0.
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Table 6.3. Mean and standard deviation (SD) of percentage depth-mean error (DME) values for
all primary sampling stations and all measured parameters.
Property Station
Y6 X6 C6 D6
Moisture Mean 18.4 6.6 8.2 9.2
Content SD 14.7 2.5 5.7 2.9
Sand Mean 18.0 8.6 3..+ -\..-\.
Content SD 6.6 6.6 1.3 0.7
Carbonate Mean 32 21 11 50
--
Content SD 7.9 5.4 15.7 :'8.7
Vane Shear Mean 25.1 31.3 37.3 21.1
Strength SD 12.1 18.2 28.5 17.7
P-Wave Velocity Mean 0.89 0.82 0.99 1.39
ratio SD 0.29 0.27 0.20 0.36
Shear Wave Mean 16.0 12.0 20.0 17.8
Velocity SD 7.5 7.7 15.5 15.2
Formation Mean 4.9 4.6 4.5 7..+
Factor SD 1.9 1.4 1.6 -\..8
Organic Matter Mean 10.0 11.5 10.8 15.3
Content SD 7.2 8.1 5.4 7.8
Log Bacterial Mean 2.8 3.1 4.0 -\..-\.
Numbers SD 1.8 2.4 3.0 4.2
Carbohydrate Mean 16.4 12.1 12.7 22.3
Content SD 8.5 6.5 6..+ 10.7
Liquid Phase Mean 14.8 12.7 16.1 17.2
Carbo Content SD 7.2 6.7 7.0 9.6
Polysaccharide r-..1can 16.1 17.0 16.6 20.2
Content SD 7.8 6.8 7. I 10. :,
I-\.2
6.4.5 Compressional Wave Velocity Ratio.
Calculation of sediment Vp was dependent on calculated pore-fluid velocity (C.J. the distance
between electrode faces, and the travel time of P-wave pulses. With consideration of error in
temperature and salinity measurements, the maximum error for Cit was + 1.5 ms -I: the distance
between electrode faces could vary due to very slight imperfections in core diameter. giving an
error of ±O.2 mrn; measurement of P-wave travel time time was limited by time-resolution of the
oscilloscope, which was 0.4 usee. Considering the values given above. a maximum error of
+ 13ms- 1 was possible for calculated sediment Vp' This corresponds to errors of 0.66Cfr to 0.829"('
for Vp - ratio.
Since P-wave transducers were not rigidly clamped to core tubes, further error in separation
distance could occur due to misalignment. Further error in travel time could result due to
incorrect identification of P-wave onsets.
6.4.6 Shear Wave Velocity.
Inaccuracy in transducer separation and S-wave travel time were sources of experimental error
for V,. Since transducers were rigidly fixed in the testing column, errors for separation distance
were very small (+0.04 mm). The minimum possible error associated with travel time
measurement was determined by the time-resolution of the oscilloscope, which was 10 usec,
These values give a range of 0.75% to 2.5% for experimental errors. which is negligible
compared with error estimates determined from within-station replicates.
Inacurracy in separation distance could be augmented due to transducer rotation during insertion.
Further experimental error could result due to incorrect identification of shear wave onsets.
In a study of in situ V, for intertidal sands, Jones (1990) gives mean errors (7.5<;'(') which are
smaller than those reported for this study. This could be related to sample disturbance during
coring and core extrusion. Mean errors for primary stations were, however, within the range of
'--
errors given by Jones (I r(-22%).
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6.4.7 Formation Factor.
As discussed in Chapter 4, a systematic error was associated with surface FF measurement due
to current flow in relatively low resistivity supernatant waters. This error was dependent on
material type, and is considered further in Chapter 7.
Positional errors were minimal since electrodes were rigidly fixed in the testing column.
Electrodes were set flush with the inside face of the testing column: slight alteration in
penetration depth was found to produce little change to measured resistance. Errors for FF were
similar to those reported by Jones (1990), for intertidal sands (mean=5.J%).
6.4.8 Biological Parameters.
The mam experimental errors associated with biological measurements, were incomplete
combustion of organic matter, in the case of TOM; operator errors during chemical procedures;
and contamination of samples, particularly in the case of bacterial plate counts.
6.5 Statistical Examination of Data.
The preceding discussion has explained how raw data values were converted into mean values
for each depth-level. These values were used in most of the subsequent data analysis. and have
been termed depth-means (even for parameters with only one measurement at each depth). They
incorporate experimental errors and small-scale lateral heterogeneity.
Depth-means were initially input into QUATTRO PRO spreadsheets, with columns representing
different variables and rows representing different depths and stations. Spreadsheets were used
to manipulate depth-means into paired values, to calculated derived parameters (eg. porosity and
void ratio), and to produce scatter plots of paired values and regression lines. Other forms of
graphical presentation (depth-profiles and time series) were obtained using STA\ IFORD
GRAPHICS. Most statistical analysis was performed using MINITAB: a statistical package on
the UWB network. All software packages were available as ~nCROSOFf \VINDOWS
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applications. Transferring data between different applications was achieved simply, through use
of 'cut' and 'paste' functions.
Munro et al (1986) and the minitab reference manual were the main items of literature referred
to, with regard to statistical analysis.
6.5.1 Descriptive Single Variable Statistics.
For each station, all depth-means were combined for each parameter, giving the 'total' data set.
The mean was calculated for each 'total' data set to give the station-mean. The distribution of
depth-mean values around the station-mean was analysed using MINITAB. This involved:
calculation of sample standard deviation, 95% confidence interval for the mean, skewness and
kurtosis; testing for normality; and visual inspection of the distribution for multimodality.
Sample standard deviation (SD) provided an assessment of within-station variability
(incorporating spatial and temporal variability). To assess the relative variability of parameters.
coefficients of variation were calculated. Normality was assessed using the Anderson-Darling
Test, which takes the null hypothesis that a distribution is normal. This was rejected for
probability (P) values < 0.05. The major reason for examinations of skewness, kurtosis and
multimodality was to elucidate causes of non-normal behaviour.
Means. standard deviations, confidence intervals, and coefficients of variation were calculated
for other groupings of data, including depth-means for specific depth-levels. and depth-means
for specific sampling periods. Five coefficients of variation were defined in order to assess
different forms of variability:
l. The coefficient ofvertical variation (CVV). This represents the magnitude of variability due
to depth alteration of sediment properties at a specified station and sampling time.
2. The coefficient of temporal variation (CTV). This represents the degree of variability due
to alteration of properties between sampling times. at a specified station and depth level.
3. The coefficient oflocalized variation (CLV). This is a measure of total within-station
variahility. incorporating depth-means for all sampling times and depths.
4. The coefficient of regional variation (CRV). This represents the degree of between-station
variability for a particular sampling time and depth.
5. The coefficient of total variation (CAV). This provides a measure of the total variability of
each parameter, incorporating all depth-means for every station.
Figures 6.1 and 6.2 provide schematic representations of CTV, CVV, CLV and CR V. In each
case, the the total range of samples used in calculations is bracketed. Further details of statistical
processing are provided in the relevant results sections.
6.5.2 Analysis of Variance.
Analysis of variance was performed in order to discover significant differences between various
groups of data. This was the first step in assessments of between-station variability, and within-
station vertical and temporal variability. Further details of data grouping are given in the relevant
results sections.
Prior to analysis of variance, homogeneity of variance was assessed using Lavene's test. Two
tests were employed for one-way analysis of variance: the parametric F-Test, and the non-
parametric Kruskal-Wallis Test. The former assumes that data is normally distributed and that
variances are the same. The Kruskal-Wallis Test was employed when the parametric stipulations
were not met or were untested. Using this test, sample numbers should at least 5 for individual
data groups.
6.5.3 Correlation and Regression Analysis.
6.5.3.1 Pretreatment of depth-mean data.
Much of the data processing effort was applied to the investigation of interrelationships between
measured parameters. This was not a straightforward operation since different parameters had
been measured over different depth intervals. Preceding statistical examination of the data,
depth-mean values had to be manipulated in some logical manner. in order to produce sets of
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Fig. 6.1 Schematic representation of temporal (CTY) and total localised (CLY) variability.
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paired values (or groups of values), with each pair (or group) corresponding to a specific depth.
To illustrate this problem, Table 6.4 lists the depth-wise sampling regime used during core
analyses. All values are centimetre depths from the sediment-water interface. 'Mid' corresponds
to the mid-point of each measurement; indicating sampling frequency. 'Range' defines the depth
interval over which each measurement is an average. This depends on transducer dimensions.
electrode separations, shear vane blade heights and the lengths of sections taken for examination.
With regard to geophysical measurements, there is some uncertainty when defining the area over
which energy is transferred, and hence the depth range. For simplicity geophysical depth ranges
correspond directly to the physical dimensions of the intrumentation. In the case of formation
factor this is taken to be the interval between the two outer (current) electrodes (60 mm),
regardless of the likelihood that some current will flow beyond these limits. Depth ranges for
Vp - ratio measurements coincide with the diameter of the transducers (35 mm). Since this is
greater than the sampling interval there is some overlap between ranges. Due to the small size
of shear wave transducers the definition of a depth range was not appropriate, and values are
considered to be 'point' measurements.
Samples taken for textural and biological testing were 25 mm in length, and moisture content
samples were I mm in length (for most analyses), with each value representing a bulk average
for the relevant depth interval. The depth-wise sampling strategy implemented during vane shear
testing matched that employed in textural analyses, except when the T 175 vane was used. In
such instances measurements can be regarded as point values at the same mid-points. It should
be noted that during preliminary cruises different sampling strategies were employed, with
measurements generally being taken at 50 mm intervals.
Measured physical quantities were separated into three categories. relating to measurement
interval. against which the depth-means of other variables were arranged in order to produce
pairings for correlation and regression analysis. The first category was shear wave velocity,
which had been measured at discrete points at 50 mm depth intervals. Table 6.5 illustrates the
manner in which other variables were manipulated so as to coincide with \', measurements. If
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an average of more than one depth-mean value was used, then the mid-points of each
measurement are listed. Values in 'Range' columns represent the total depth interval over which
measurements are averaged. It can be seen that a single value suffices for all parameters. except
moisture content and formation factor.
Table 6.4. Measurement levels for all parameters, including: shear wave velocity (VJ. moisture
content, formation factor (FF), compressional wave velocity (Vp- ) ratio. textural parameters, vane
shear strength (Su)' and biological parameters (Bio). All values in centimetres.
v, Moisture FF Vp-ratio Texture / s, / Bio
Mid Mid Range Mid Range Mid Range Midpoint Range
1 0.5 0-1 3 0-6 1.25 -0.5-3.0 1 -,- 0.0-2.5._)
6 1.5 1-2 5 2-8 3.75 2.0-5.5 3.75 2.5-5.0
11 2.5 2-3 7 4-10 6.25 4.5-8.0 6.25 5.0-7.5
16 3.5 3-4 9 6-12 8.75 7.0-10.5 8.75 7.5-10.0
21 4.5 4-5 11 8-14 11.25 9.5-13.0 11.25 10.0-12.5
26 5.5 5-6 13 10-16 13.75 12.0-15.5 13.75 12.5-15.0
31 6.5 6-7 15 12-18 16.25 14.5-18.0 16.25 15.0-17.5
7.5 7-8 17 14-20 18.75 17.0-20.5 18.75 17.5-20.0
8.5 8-9 19 16-22
9.5 9-10 21 18-24
10.5 10-11 23 20-26
Repeated to 25 22-28
20cm. 27 24-30
Table 6.6 illustrates the manner in which different variables were manipulated in order to
coincide with FF measurements. In the case of moisture content (and porosity) an average of six
readings. taken between the limits of the two current electrodes. was used. For parameters
measured at 25 mm intervals a single value or an average of two values coincides best with FF
depth intervals.
Vp- ratio, shear strength, textural and biological parameters were compared directly since they
all had been measured at the same mid-points (Table 6.7). An average of three moisture content
values was taken for correlations involving these variables.
Table 6.5. Depth-mean values adjusted for correlation with shear wave velocity (V, l. including:
moisture content, textural parameters, vane shear strength (Su)' biological parameters (Bio l.
compressional wave velocity (Vp-) ratio, and formation factor (FF). All values in centimetres.
Table 6.6. Depth-mean values adjusted for correlation with formation factor (FF), including:
moisture content, textural parameters, vane shear strength (SJ, biological parameters, and
compressional wave velocity (Vp-) ratio. All values in centimetres.
V~ Moisture Content Texture / s; /Bio Vp- ratio FF
Mid Mid Range Mid Range Mid Range Mid Range
1 0.5, 1.5 0-2 1.25 0.0-2.5 1.25 -0.5-3.0 3 0-6
6 5.5, 6.5 5-7 6.25 5.0-7.5 6.25 4.5-8.0 5, 7 2-10
11 10.5, 11.5 10-12 11.25 10.0-12.5 11.25 9.5-13.0 11 8-14
16 15.5, 16.5 15-17 16.25 15.0-17.5 16.25 14.5-18.0 15, 17 12-20
21 21 18-24
26 25,27 22-30
.
FF Moisture Content Textural / s, /Biological Vp-ratio
Mid Ran. Mid Range Mid-points Range Mid-points Range
3 0-6 0.5-5.5 0-6 1.25, 3.75 0.0-5.0 1.25,3.75 -0.5-5.5
5 2-8 2.5-7.5 2-8 3.75,6.25 2.5-7.5 3.75,6.25 2.0-8.0
7 4-10 4.5-9.5 4-10 6.25.8.75 5.0-10.0 6.25.8.75 4.5-10.5
9 6-12 6.5-11.5 6-12 8.75 7.5-10.0 8.75 7.0-10.5
11 8-14 8.5-13.5 8-14 11.25 10.0-12.5 11.25 9.5-13.0
13 10-16 10.5-15.5 10-16 11.25, 13.75 10.0-15.0 11.25. 13.75 9.5-15.5
15 12-18 12.5-17.5 12-18 13.75,16.25 12.5-17.5 13.75. 16.25 12.0-18.0
17 14-10 14.5-19.5 14-20 16.25.18.75 15.0-20.0 16.25.18.75 14.5-20.5
It) 16-22 18.75 17.5-20.0 18.75 17.0-20.5
Table 6 7 A . f .
.. veragmg 0 moisture content values for correlation with compressional wave
velocity (Vp-) ratio, textural parameters, vane shear strength (Su) and biological parameters. All
values in centimetres.
Vp-ratio Texture / s; / Biological Moisture Content
Mid-point Range Mid-point Range Mid-points Range
1.25 -0.5-3.0 1.25 0.0-2.5 0.5, 1.5. 2.5 0-3
3.75 2.0-5.5 3.75 2.5-5.0 2.5. 3.5.4.5 I ---)
6.25 4.5-8.0 6.25 5.0-7.5 5.5,6.5,7.5 5-8
8.75 7.0-10.5 8.75 7.5-10.0 7.5,8.5,9.5 7-10
11.25 9.5-13.0 11.25 10.0-12.5 10.5, 11.5. 12.5 10-13
13.75 12.0-15.5 13.75 12.5-15.0 12.5, 13.5, 14.5 12-15
16.25 14.5-18.0 16.25 15.0-17.5 15.5, 16.5, 17.5 15-18
18.75 17.0-20.5 18.75 17.5-20.0 17.5,18.5,19.5 17-20
6.5.3.2 Bivariate Correlation.
For every possible pairing of sediment parameters, covariation was examined using correlation
techniques. This was done for each primary station, and for different groupings of stations. All
correlation coefficients (r) have been tabulated, and are referred to in Chapter 10. Significant
correlation may be due to the direct dependence of one sediment property on another, or a result
of the common dependence of both parameters on another measured or unmeasured control. It
was assumed that interrelationships between sediment properties could be very complex. For
instance, correlation between sediment texture and biological parameters may be a function of
substrate preference of different organisms, biological modification of texture. or a common
dependence on another environmental control.
Two correlation coefficients were calculated for all analyses: the Pearson product-moments
correlation coefficient, and the Spearman coefficient of ranked correlation. Pearson's test is
parametric. and only measures the linear component of covariation. Spearman's test is non-
parametric. and measures the general degree of association by performing correlation on ranked
pairs of values. In most cases the assumptions associated with parametric testing were not
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strictly adhered to, and the Spearman coefficient is most applicable. Calculation of the Pearson
correlation coefficient was useful as a test of linearity.
The significance of correlation coefficients was initially tested at the P<O.05 level. Since
bivariate correlations were considered for more than one pair of parameters, critical values for
r had to be set at a higher level than P<O.05. This is due to the additional possibility that high
r values may be obtained by chance alone. Henceforth, to ensure significance at the P<O.05 level,
testing was conducted using a probability (P) level given by:
p = 5
~n(n-l)
%
where 1l is the number of variables. Since twelve variables were measured P=O.00076.
For large data sets a significant correlation coefficient can be very small. For this reason many
reseachers prefer to employ the coefficient of determination, /2, as a measure of the
'meaningfulness' of r. ,-2 is the proportion of variance shared by a pair of variables. This is
considered further in the account of regression analysis given below.
Where significant correlations were identified scatter plots were produced. Bivariate correlations
often exhibited a high degree of scatter. This was attributable to experimental errors, and the
dependence of most parameters on a complex range of controls.
6.5.3.3 Regression Analysis.
Regression analysis can be employed when it is reasonable to assume a causative link between
a dependent variable and one or more predictor variables. Simple and multiple linear regression
analysis was applied to examine linear relationships, and non-linear relationships, through
incorporation of parameters in power, exponential and polynomial expressions.
A general form of the regression equation is given below:
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6.12
where the variable Y is dependent on N p predictor variables (X). a is the regression constant. and
hi are partial regression coefficients. Each partial regression coefficient represents the effect on
the dependent variable of variation of one predictor variable, while all others are held constant.
During regression analysis the statistical significance of each partial regression coefficient was
calculated, as well as the coefficient of determination (R2) . R2 represents the proportion of
variance of the dependent variable that can be explained by variance of the predictor variables.
It should be noted that the coefficient of determination is given by r when only one dependent
and one predictor variable is considered.
A number of assumptions and limitations associated with linear regression analysis must be
considered:
1. It is a parameteric test which only measures linear components of dependence.
2. There should be no influence of the dependent variable on any of the predictor variables.
3. Predictor variables should be independent: i.e. they should not be significantly correlated
with each other.
4. Predictor variables should be independently varied under experimental control.
It is possible, in some instances, to employ linear regression to test non-linear relationships by
incorporating variables into non-linear expressions, and converting such expressions into a linear
format. Such operations were employed in depth modelling and the analysis of
interrelationships. Combinations of variables were limited to those for which it was reasonable
to assume a lack of dependence of the predictor variables on the dependent variable. This limited
dependent variables to moisture content. shear strength, and geophysical parameters. Since
sedi mcnt properties display a complex network of interdependencc. the assumption of
independence of predictor variables was generally negated. This. however, is not a major
problem: if the degree of association is known it can he taken into consideration in the
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interpretation of results. The assumption of independently varied predictor variables was not
generally true, except in the case of depth-level.
Although the limitations outlined above evoke concern, regression analysis is a perfectly viable
technique, provided that the limitations are considered and caution is exercised when forming
conclusions. Regression analysis is commonly employed for the production of predictive
equations. In some cases such equations were useful for predicting sediment properties as a
function of depth. In general, however, the aim of regression analysis was not the production of
predictive equations, but identification of which parameters significantly influenced the
dependent variables, whether effects were positive or negative, and an estimate of the explained
variance. This allowed the formation of conceptual models for the control of structural properties
of the seabed. For this type of application the limitations are not considered to be serious.
Predictive equations have been given in the results sections, but this is generally for illustrative
purposes, and for comparison between stations and predictive equations given by other
investigators. No implication is made that such expressions may be applied to other data sets.
In all cases partial regression coefficients were tested to the P<O.05 significance level.
CHAPTER 7.
Vertical Variability of Sediment Properties.
7.1 Introduction: Background and Data Analysis.
The data collected represent the variation (in space and time) of a large number of sediment
properties. A systematic presentation is given in the following sections: with variability being
considered in terms of different sources, prior to a synthesis (Chapter 10), involving the
comparison of variabilities and examination of interrelationships between properties. The
following sections are principally concerned with data collected during the main sampling
programme. However, results from preliminary cruises to the study area are also included.
Variability of sediment properties is divided into regional and localized: regional variability
relates to variation over the entire survey area, i.e. with all stations considered; localized
variability relates to variation within individual stations. The latter is subdivided into temporal,
vertical, and small-scale lateral variability. Assessment of vertical variability is limited by core
length, and represents variation over centimetre depth scales. Characterization of the vertical
variation of sediment properties comprised a major component of this study, and this chapter has
been reserved for a detailed presention of the results.
Vertical variation of the physical properties of surficial seabed sediment is a function of a
complex range of factors, including: increasing overburden pressure and an associated reduction
in porosity with increasing depth; the relative rates of deposition and consolidation; vertical
variation of texture; attenuation with depth of the magnitude of hydrodynamic forcing; and
vertical variation of biological processes, which will be influenced by chemical gradients, and
the proximity in time and space to physical disruption. A number of quantitative methods.
described below, were applied in order to characterize the vertical variation of sediment
properties. Due to a lack of replicate samples. these techniques were not always applicable to
data collected from preliminary cruises.
15.+
Analysis of variance was initially performed in order to test for significant differences between
depth-levels. This was accomplished by combining depth-means into groups corresponding to
different depth-levels. Each test therefore answered the question: With temporal variability
included can significant vertical variability be identified? This was preferred to an analysis of
data for individual sampling times for two reasons: firstly. it greatly reduced the number of
statistical tests required; secondly, for any single sampling time and station. the number of
replicate measurements made at each depth-level was small with regard to the limitations of the
statistical method applied (see Chapter 6). Consideration was also given to individual profiles,
particularly when differences between depth-means at different levels were insignificant.
Following analysis of variance, gradients were calculated for all physical parameters and for
every sampling date. Calculation of gradients involved division of the difference between the
depth-mean value at two adjacent measurement levels by the separation between measurement
levels. Mean gradients were calculated for every depth interval, and the pooled mean gradient
was calculated for all depth intervals combined.
The mean profile is defined as the mean depth-mean for each measurement level plotted as a
function of depth. Mean profiles were inspected in order to identify variation of the mean
gradient with depth. Where distinct layers could be identified in terms of mean gradients.
analysis of variance was performed exclusively on the depth-levels contained within. This
enabled the delimitation of profiles, where appropriate, into depth ranges displaying vertical
heterogeneity, and depth ranges displaying vertical homogeneity.
For each sampling time, the magnitude of vertical variability was calculated by division of the
standard deviation of depth-means by the mean depth-mean for that date, giving the coefficient
of vertical variation (CYY). Likewise, the magnitude of temporal variability for each
measurement level was calculated by division of the SO of depth-means by the mean depth-mean
for that depth, giving the coefficient of temporal variability (CTV). CTV values for different
depths were inspected in order to define depth ranges of relati vely high temporal variability.
Finally. for most physical parameters, empirical depth modelling was performed in order to find
expressions which gave accurate fits to the mean profiles. This involved fitting a number of
simple equations, commonly employed in empirical modelling, with the efficacy of each equation
being assessed from the coefficient of determination (R 2) , calculated from simple or multiple
linear regression analysis, either directly or with the equation converted into a linear form (by
taking the natural logarithm of both sides). The following expressions were employed: linear
(Y=a+bZ), power (Y=aZ), exponential (Y=aehZ) , second-degree polynomial (Y=a+bZ+cZ\ and
third-degree polynomial (Y=a+bZ+cZ2+Z3) ; where Y is the measured parameter, Z is depth in
metres, and a,b,c and d are constants.
The few studies of naturally deposited, surficial marine sediments which have quantified the
vertical variation of physical properties over centimetre scales, have generally neglected to
generate predictive equations for such depth variation (eg. Briggs et al, 1985: Richardson et al,
1985; Richardson, 1986; Meadows and Tait, 1989). Due to the complex range of processes
influencing sediment characteristics within the upper few centimetes of the seabed, modelling
properties as functions of depth may be difficult, or of little practical value. Consequently, in
order to find predictive formulae, it is necessary to consult literature associated with engineering
studies, which consider depth variation in the upper few tens of metres of sediment (eg.
Hamilton, 1976; Hamdi and Taylor Smith, 1981, Davis, 1982: Taylor Smith 1986; Bates, 1989).
Modelling depth variation was considered appropriate for this study, in order to identify any
general patterns, and for predictive application in the case of FF. In order to minimize
complexity, if, for a set of two or more empirical equations, the difference in R2 was relatively
small «2%), then the simplest equation was chosen for presentation. This resulted in a number
of profiles being represented by linear or power functions, rather than much lengthier third-
degree polynomials.
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7.2 Preliminary Examinations of Vertical Variability.
Three preliminary cruises to the study area were conducted during which cores were taken from
the seabed. The work associated with these cruises represents three case studies of spatial
variability of physical properties, including investigations of: an east-west (roughly shore-
normal) transect; a north-south (roughly shore-parallel) transect: and lines X and Y (muddy
stations). Inspection of the shore-normal and shore-parallel transects involved measurement of
Vp-ratio and textural parameters; the examination of muddy stations involved measurement of
Vp- ratio and vane shear strength (see Section 6.2). For all measurements sampling was repeated
at 50 mm intervals (see Chapter 6).
Shore-Normal Transect.
Samples were collected in late May 1993, from stations B6, C6 and D6. Figure 7.1 illustrates
the depth variation of measured parameters, including: Vp- ratio, sand content, carbonate content,
and mean grain size.
At station B6, sand content increased with depth, and a corresponding decrease in mean phi grain
diameter was recorded. These alterations were relatively linear between the 2.5 cm and 17.5 ern
measurement levels; differences were less marked between 17.5 em and 22.5 ern. A contrasting
pattern was observed at stations C6 and D6, with sediment being finer at the 7.5 ern level,
relative to the 2.5 em and 12.5 em levels.
An increase of carbonate content with depth was evident for all stations. At stations C6 and D6,
variation was relatively small within the upper 10 em. and a dramatic increase occured between
the 7.5 em and 12.5 em levels. At station B6, alteration was more consistent; the strongest
increase was recorded between 12.5 em and 17.5 em. These observations are consistent with the
existence of buried shell laminae, observed in box core samples taken prior to this study (A.
Rowden pers. comm.).
\. ~ ratio increased with depth at all stations. Vertical gradients displayed a decrease with
r
Fig. 7.1 Depth variation of sediment properties, shore-normal transect.
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distance towards the shore, giving mean values (i.e. average for all depth levels) of 0.339 m' at
B6, 0.257 rn' at C6, and 0.041 m' at D6. Vp-ratio exhibited a linear dependence on depth, with
linear regression analysis giving ?-~0.97.
Shore-Parallel Transect.
Samples were collected from stations C6, C8 and C10 during a cruise in late June 1993. Figure
7.2 illustrates the depth variation of measured parameters, including: Vp- ratio, sand content, and
carbonate content.
At station C6, sand content displayed a reduction between 2.5 cm and 7.5 em, as observed for
the core collected during inspection of the shore-normal transect. Values were similar for the 7.5
cm and 12.5 em levels, and were highest at 17.5 ern. At station C8, vertical variation of sand
content was relatively small within the upper 15 ern. Values displayed an increase with further
increase in depth. For station C 10, sand content illustrated a dramatic increase between the
surface and 12.5 em levels, and a strong reduction between 12.5 em and 17.5 ern.
An increase of carbonate content with depth was evident for stations C6 and C8. Profiles were
characterized by a dramatic increase at some depth below the surface: at C6, values displayed
a strong increase below 10 em; at C8, a strong increase was observed below 15 cm. These
observations support the existence of buried shell laminae. At station C 10, vertical variability
of carbonate content was relatively small.
Vp- ratio increased with depth at all stations. The only exception to this rule was recorded at C6,
where a negative gradient existed between the 2.5 ern and 7.5 em levels. Mean gradients were
similar for different stations, with values of 0.295 m' at C6, 0.359 m' at e8, and 0.~56 m' at
C 10. The Vp-ratio - depth dependence was well approximated by linear expressions for stations
C8 and C 10 (?-=0.98). This was not the case for station C6 (,.2=0.75), due to the reduction of
V - ratio between the upper two measurement levels.
r
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Fig. 7.2 Depth variation of sediment properties, shore-parallel transect.
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Muddy Stations.
During a cruise in early September 1993, cores were collected from stations Y2, Y-+. Y6, Y8,
YI0, X2, X4, X6, X8, and XI0. Figure 7.3 illustrates vertical variation of V -ratio and vane
p
shear strength at these stations. Both parameters tended to increase with depth.
For depth intervals within the upper 15 ern, gradients of Vp- ratio were relatively high; vertical
alteration was generally less marked between the 12.5 ern and 17.5 cm levels (see Table 7.1).
Gradients were highly variable between different stations, and some stations (Y8 and XI 0)
illustrated a small net reduction of Vp- ratio with depth.
Mean profiles were calculated for Vp-ratio and Su by combining data for all stations. The mean
Vp- ratio profile is well represented by the power law given below.
V -ratio = 1.0749Zo.0097 ±0.0015p 7.1
Considering data for individual stations, Vp- ratio profiles were well described by power
expressions for stations Y6 and X2 (,-2>0.95). Linear expressions provided better fits for stations
X4 and X6 (,-2>0.97). For other stations empirical fits were relatively poor: this generally being
attributed to a smaller degree of vertical variability.
Table 7.1 Compressional wave velocity (V,- ) ratio gradients for muddy stations. The mean for
all stations, and the range of values is presented for every depth interval, and for all depth
intervals combined. Errors correspond to 95% confidence intervals.
Depth Interval Vp - ratio Gradients. m'
cm Mean Range
2.5 - 7.5 0.170 ± 0.173 -0.225 to 0.62-+
7.5-12.5 0.193 ± 0.094 -0.066 to 0.372
12.5-17.5 0.007 + 0.116 -0.266 to 0.373
Mean 0.123 + 0.06) -0.071 to 0.2-+)
I)l)
As illustrated in Table 7.2, gradients of Su were relatively high. and always positive. for the
uppermost depth interval (2.5 ern to 7.5 ern). For intervals at greater depth, a reduction of Su with
depth was sometimes recorded, and gradients displayed a greater degree of variability between
stations. For all stations mean gradients were positive.
With regard to the mean profile, S; was well described as a function of In Z, by the expression
given below.
Su = 6.59+1.511nZ ±0.05 r 2=0.998 7.'2
Considering individual stations, a logarithmic law also provided a good fit to profiles recorded
for stations Y2, Y4, X2, X4, X6, and X8 (r>0.95). Empirical fits were relatively poor for other
stations (Y6, Y8, Y 10, Xl 0), primarily due to a lack of vertical variability: profiles generally
indicated an increase of S; between the surface and 7.5 ern level, and little difference between
levels below 5 cm.
Table 7.2 Vane shear strength gradients for muddy stations. The mean for all stations, and the
range of values is presented for every depth interval, and for all depth intervals combined. Errors
correspond to 95% confidence intervals.
Depth Interval Vane Shear Strength Gradients, kf'a m'
cm Mean Range
2.5 - 7.5 35.2 ± 7.4 21.2 to 54.8
7.5 - 12.5 12.7 ± 12.3 -15.8 to 45.2
12.5 - 17.5 11.1+5.5 -3.2 to 28.4
Mean 19.7+4.4 8.8 to 29.9
These preliminary results have indicated that the vertical variation of sediment properties can
display different patterns for different parameters, and for different stations. Vp- ratio and Sit both
tend to increase with depth. High subsurface carbonate content, recorded for a number of
stations, provides evidence for buried shell laminae.
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Fig. 7.3 Depth variation of sediment properties, muddy stations.
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7.3 Vertical Variation of Sediment Properties at Primary Stations.
Table 7.3 illustrates probability values for significance testing of vertical variability at each
primary station. All physical parameters, with the exception of sand content at X6 and carbonate
content at Y6 and X6, displayed significant variation (P<0.05) between depth-means recorded
at different levels. In the case of biological sediment properties, many parameters did not display
significant variation. For FF, values for the uppermost measurement level (3 em) were omitted
from analysis since they were considered to be underestimates of the true value (see Chapter -l):
this prevented erroneous identification of vertical variability.
Table 7.3 Results of significance testing of vertical variability for all measured parameters at
each primary sampling station. Table values are probability (P) values from analysis of variance.
Vertical variability was considered significant for P<0.05. * highlights insignificant results.
Parameter Station
Y6 X6 C6 06
Moisture Content 0.000 0.000 0.000 0.000
Sand Content 0.003 0.142* 0.000 0.005
Carbonate Content 0.298* 0.824* 0.000 0.003
Vane Shear Strength 0.000 0.000 0.000 0.000
Vp - ratio 0.000 0.000 0.000 0.000
Shear Wave Velocity 0.000 0.000 0.000 0.000
Formation Factor 0.000 0.000 0.000 0.038
Total Organic Matter 0.003 0.012 0.000 0.001
Log Bacterial Numbers 0.245* 0.674* 0.001 0.007
Total Carbohydrate Content 0.621* 0.028 0.021 0.091*
Liquid-Phase Carbohydrate 0.923* 0.391* 0.076* 0.054*
Polysaccharide Content 0.984* 0.377* 0.011 0.080*
Table 7A illustrates R2 values for tested formulae with regard to modelling of depth variation.
A number of general patterns were observed, in terms of the type of equations providing the best
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description of the mean profiles. These are considered in later discussion (Section 7.5 l. and best
fit expressions are presented in Sections 7.3.1 to 7.3.4.
Table 7.4. Coefficients of determination (R2) for empirical models of mean profiles. where Y
is the measured parameter, Z is depth in metres, and a,b,c and d are constants. Parameters
considered include: Moisture content (w), vane shear strength (Su)' compressional wave velocity
ratio (Vp-ratio), shear wave velocity (VJ, and formation factor (FF).
Station Equation Type Sediment Parameter
w Su Vp-ratio V~ FF
Ya+bZ 0.660 0.963 0.858 0.952 0.900
Y aZ: 0.900 0.977 0.929 0.967 0.972
Y6 Y ae'" 0.715 0.792 0.857 0.888 0.932
Y a+bZ+cZ2 0.868 0.978 0.896 0.952 0.970
Y a+bZ+cZ2+dZ3 0.959 0.978 0.952 0.998 0.985
Ya+bZ 0.937 0.860 0.967 0.992 0.972
Y aZ: 0.912 0.963 0.953 0.968 0.995
X6 Y ae'" 0.969 0.743 0.965 0.938 0.959
Y a+bZ+cZ2 0.977 0.980 0.992 0.996 0.993
Y-a+bZ+cZ2+dZ3 0.983 0.980 0.993 1.000 0.995
Ya+bZ 0.876 0.941 0.922 0.921 0.980
YaZ) 0.871 0.977 0.718 0.971 0.979
C6 Y ae'" 0.899 0.942 0.921 0.793 0.920
Y a+bZ+cZ2 0.953 0.989 0.923 0.926 0.980
Y-a+bZ+cZ2+dZ3 0.954 0.991 0.980 0.996 0.984
Ya+bZ 0.798 0.975 0.802 0.998 0.844
Y=aZ) 0.946 0.958 0.641 0.980 0.899
06 y /'/ 0.823 0.820 0.801 0.948 0.840=lle
Y-a+hZ+cZ2 0.982 0.983 0.809 0.998 0.957
Y-a+hZ+cZ~+dZ' 0.984 0.9X-l 0.976 0.998 0.963
162
Profile charaterization in terms of the quantitative descriptors outlined in Section 7.1 is given in
the following sections, for each primary station in turn. Unless otherwise stated, values given
in brackets are means for the variable in question. Errors correspond to 95~ confidence intervals
for mean values, or for regression estimates of mean profile values. Depth profiles for all
measured parameters are illustrated in Figures 7.4 to 7.15, with each profile displaying the
vertical variation of depth-means for a given sampling date. Mean error bars are given for
parameters for which replicate samples were taken (see Section 6.5). For moisture content.
measurements for samples collected during October and November 1993. and March 1994 were
taken at 25 mm intervals; these have been omitted for clarity, but have been used in some
statistical analyses. For CC, LPC and PC, units correspond to ug glucose equivalent per g dry
weight of sediment. Also of relevance to the following sections is Table A2. illustrating
coefficients of vertical and temporal variation.
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Fig. 7.4 Depth variation of moisture content at primary stations.
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Fig. 7.5 Depth variation of sand content at primary stations.
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Fig. 7.6 Depth variation of carbonate content at primary stations.
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Fig. 7.7 Depth variation of vane shear strength at primary stations.
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Fig. 7.8 Depth variation of P-wave velocity ratio at primary stations.
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Fig. 7.9 Depth variation of shear wave velocity at primary stations.
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Fig. 7.12 Depth variation of bacterial numbers at primary stations.
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7.3.1 Station Y6.
7.3.1.1 Physical Properties.
At station Y6, moisture content illustrated a significant decrease with depth (Fig. 7.-1-). Profiles
indicated the existence of a surface and sub-surface layer: the surface layer corresponds to the
upper 6 em, where mean w was 97.5+15%; the sub-surface layer corresponds to levels below 6
em, where mean w was 65.3+1.8%. Vertical variability was not significant within either depth
range. However, within the surface layer mean values were greatest for the upper :2 em
(119.4+33.3%). Gradients were strong, mostly negative, and variable within the surface layer
(-896+896 %m-I), and relatively weak and consistent within the sub-surface layer (-35+ 133
%m-)). Within the surface layer, some profiles displayed gradient alteration from strongly
negative to strongly positive over a depth change of just 1 cm. Coefficients of temporal variation
illustrated a similar pattern of depth dependence; giving values of 37 .5± 13.5% for the upper 6
em, and 10.2+2.1 % for levels below 6 cm. The best fit expression found for mean moisture
content as a function of depth was the third-order polynomial given below.
%w = 133-1660Z+13500Z2-35900Z 3 ±7.9 7.3
Vertical variation of sand content is depicted in Figure 7.5. Variation between depth-levels was
significant at station Y6. As for H', the sediment section can be separated into two layers: a
surface layer, above 5 em, with mean F; of 26.3±5Cjc ; and sub-surface layer, below 5 cm, with
mean F; of 34.4+3%. No significant depth variation was found within either layer. The mean
gradient was negative and relatively small between the 1.25 ern and 3.75 em sampling levels.
The strongest positive gradients were found between 3.75 em and 6.25 em (269+200 %m- I ),
representing the transition from the surface to the sub-surface layer. CVV values were greater
in the surface layer (25.3+0.5%), than in the sub-surface layer (15.6+4.60().
Carbonate content at Y6 (Fig. 7.6) was found to be significantly smaller for the upper 7.5 cm
O.7±O.6l )( ) relative to the lower 12.5 em (-l-.6±O.Y7c), when values were grouped for these depth
ranges. This observation should be treated with caution: a consideration of individual depth
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levels indicated no significant difference, and combining data values in order to find a
statistically significant result is poor experimental practice. Gradients are of little descriptive
value in this instance, although the largest mean positive gradient occured between the 6.25 em
and 8.75 ern depth levels. As with sand content coefficients of temporal variation were
relatively high for the upper 5 em (40.4+1.0%).
Depth variation of shear strength is illustrated in Figure 7.7. Depth-mean values at Y6 displayed
a significant depth-wise reduction, from 0.28±O.13 kPa at the surface to 2.73+0.75 kPa at 18.75
em. Mean gradients were positive for every depth interval, giving a pooled mean of 1-+±8.8 kPa
m-I . The mean gradient was largest between 1.25 em and 3.75 em (28.1 + 13.1 kPa m'), and
smallest below 13.25 em (4.7+10.2 kPa rn'), where no significant differences occurred between
levels. CTV values were greater for the upper 5cm (47.7±8.4%) than for other depth-levels
(26.6+4.1 %). A polynomial expression provided the best fit to the mean S; profile (R2=0.98), but
the linear expression presented below gave an almost equally good fit.
Su = O.33+13.9Z ±O.33 7.-+
Depth variation of Vp-ratio at Y6 (Fig. 7.8) showed a similar pattern to that described for sand
content, in the sense that two layers were distinguishable: a surface layer, above 5 em, with
relatively low Vp- ratio (1.009±O.003); and a sub-surface layer. below 5 ern, with relatively high
V
p
- ratio (1.019±O.002). Vertical variability was revealed to be significant when all levels were
considered, but was not significant within either layer. Gradients were most positive between
the surface and 6.25 em level (0.236+0.007m- I ) . For the interval between depth-levels of 6.'25
em and 8.75 em the mean gradient was negative (-0.110+0.275 m'). Coefficients of temporal
variation illustrated little depth change. The best fit equation found for the mean Vp- ratio profile
is given below.
V -ratiop 1+O.381Z-3.13Z
2+9.0Z 3 ±O.0032 7.5
At station Y6, shear wave velocity exhibited a significant increase with depth, from mean values
of 5.7+ 1.-+ ms' at the sediment-water interface to 26.0±8.0 ms' at a depth of 2h em (Fig. 7.9).
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Gradients were strong between 1 em and 6 em (126+41 S-I). relatively weak between 6 em and
21 em (45+33 S-I), and generally strong between 21 em and 26 em (136+212 S-I). The coefficient
of temporal variation was highest at the surface (23.8%), but showed little depth variation. As
for HJ and Vp-ratio, the best fit equation was given by a third-degree polynomial:
7.6
Formation factor as a function of depth is illustrated in Figure 7. 10. Vertical variability was
significant at station Y6 (with surface values included or omitted). Mean FF increased from
2.105+0.135 at 3 em to 2.70+0.165 at 23 em. The sediment section can be divided into two
layers in terms of gradient. Between the surface and 9 em gradients were strong, and illustrated
a reduction with depth, from 9.3+2.3 rn' between 3 em and 5 em to 4.5±5.1 m' between 7 em
and 9 em. Below 9 em gradients were smaller (1.5±1.1 m') and showed no consistent pattern
of vertical deviation. Differences between levels within this lower depth range were not
significant. CTV values were strongest for the 3 em and 5 em depth levels (5.7 7c). A third-
degree polynomial gave the best fit expression for mean FF as a function of depth (R1=0.985),
but the power expression presented below was almost equally as competent.
FF = 3.16Z°.l05 ±O.038 R 2=0.972 7.7
For all stations surface values were omitted in depth modelling of formation factor, but good fits
for the whole profile could also be found.
7.3.1.2 Biological Properties.
Depth profiles for total organic matter content are illustrated in Figure7.11. Differences between
depth-levels were significant at station Y6. Values within the upper 7.5 em were relatively
constant with depth (7.8±OA%), and were higher than those found in the lower 5 em (6.3±O.67c).
CTV values showed little depth change.
When each measurement level was considered as a separate data group. log BN displayed no
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significant alteration with depth at Y6 (Fig. 7.12). However, values within the upper 5 cm
(3.97+0.3) were significantly greater than values found below 5 ern (3.60±O.2). Furthermore,
some the profiles, for particular sampling dates, displayed a depth-wise reduction of bacterial
number. CTV values illustrated little vertical variation.
Vertical heterogeneity of total carbohydrate content (Fig. 7.13) was not significant at Y6 when
depth-means were considered. However, the profile for May 1995 illustrated depth-wise
alteration, with values being higher towards the sediment-water interface. CTV was highest at
3.25 em (35%), where the peak depth-mean value was recorded for May 1995.
At station Y6, liquid phase carbohydrate content showed no significant differences between
depth-means recorded at different levels. However, as for CC, the profile for May 1995 indicated
high values in the upper 5cm, with a peak depth-mean at 3.75 cm (Fig. 7.14). The highest
coefficients of temporal variation were also found in the upper 5 em (29.5±2.9%).
As for most other biological parameters measured at Y6, polysaccharide content exhibited no
significant variability in the vertical plane when depth-means for different levels were compared
(Fig. 7.15). Some profiles for individual sampling times did exhibit vertical variation. Most
notably, the profile for May 1995 illustrated a sharp increase in polysaccharide content between
the 1.25 ern and 3.75 em depth levels. CTV values displayed little alteration with depth.
7.3.2 Station X6.
7.3.2.1 Physical Properties.
At station X6, moisture content exhibited a significant depth-wise reduction. from mean values
of 59.2+6.4% at the surface to 33.1±2.6% at the 19.5 em level (Fig. 7.4). Mean gradients were
relatively strong within the upper 3 ern (-450±480 %m'I), moderate between depths of 3 em and
13 em (-129+61 %m'l), and weak below 13 em (-60+58m'I). Coefficients of temporal variation
showed little variation with depth. The best fit equation for the mean profile was given by a
third-order polynomial (R2=O.983), but the exponential expression given below provided an
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almost equally good fit.
%w = 54.6e -2.76Z ±2.0 7.8
At station X6, sand content (Fig. 7.5) showed no significant vertical variation when depth-means
were compared for individual levels. However, F; for the upper 5 em was significantly smaller
(57.2+5.9%) than F, within the lower 15 em (62.7+ 1.1%). This pattern of vertical variation is
similar to that described for station Y6, however, the most salient feature of the section for X6
is extremely low F, at 3.75 ern for the May 1995 profile. Coefficients of temporal variation were
much higher within the upper 5 em (17.7+6.0%) than for the lower 15 ern (5.6+1.1 %).
Carbonate content at station X6 displayed no significant pattern of variation with depth (Fig. 7.6).
Profiles often illustrated a negative gradient between the 1.25 em and 3.75 cn1 depth levels.
Shear strength at X6 (Fig. 7.7) increased from a mean value of 0.42+0.23 kPa at the surface to
3.68+0.94 kPa at 18.75 em. Profiles exhibited strong positive gradients between the surface and
the 11.25 em level (30.1 +8 kPa m'). Below 11.25 em no significant difference was found
between depth-means for different levels. Coefficients of temporal variation were much greater
at the surface (60.3%) than for other depths (24.2+4.8%). However. gradients illustrated the least
amount of temporal variation for the uppermost depth interval. A second-degree polynomial
gave the best fit to the mean S; profile (R2=0.98), but the power law presented below was almost
equally as competent.
s = 18.3Zo.845 ±O.41
u
7.9
Profiles of Vp- ratio at X6 were comparatively linear, with mean values exhibiting a significant
increase from 1.049±O.002 at 1.25 em to 1.089±O.OO7 at 18.75 ern (Fig. 7.8). This was reflected
by the gradient, which was relatively constant, giving a pooled mean of 0.227±O.11 J mol. Mean
gradients were, however. stronger between the surface and 6.25 em (0.373±O.216 rn') compared
with those measured between 6.25 em and 18.75 em (0.169±O.076m· 1) . Variation of depth-
means within each depth range illustrated little difference between levels. The best fit equation
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found for the mean Vp- ratio profile is given below.
Vp-ratio = 1.05+0.365Z-0.72Z 2 ±0.0029 7.10
A linear equation also provded a reasonable approximation (r2=0.967).
As for Vp-ratio, the variation of shear wave velocity with depth was relatively linear at station
X6 (Fig. 7.9). Depth-means increased from 9.5+1.6 ms' at the surface to 30.6±3.1 ms' at 26 ern.
In congruence with profiles described for Y6, gradients were strongest between 1 em and 6 cm
(111+ 14 s'), and 21 em and 26 ern (93+26 S-I), in comparison to gradients for intermediate depth
intervals (71+ 14 S-I); although the difference was small. CTV displayed little change with depth.
Depth dependence of mean V, was best described by a third-degree polynomial (R 2= 1.0), but this
gave only a slight improvement to prediction given by the linear expression presented below.
V
s
= 9.55+81.5Z ±1.4 7.11
Formation factor at station X6 (Fig. 7.10) illustrated significant vertical alteration with depth-
means considered for different levels (with the 3 ern level included or omitted). Mean values
increased from 2.55+0.25 at 3 cm to 4.03+0.36 at 23 em, giving a pooled mean gradient of
7.39+3.69 m-I . Gradients were much larger between J ern and 5 em (20.2+8.8m- I ) , and mean
gradients displayed a reduction from the surface to 15 ern. Below 15 cm no significant
differences were found between depth-means for different levels. The coefficient of temporal
variation was highest at the surface (7.8%), but showed little depth variation. The mean FF
profile was well approximated by a power expression:
FF = 5.366Zo.202 ±0.046 7.12
This equation does not take surface values into account, but the fit was just as good for a power
expression with surface values included.
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7.3.2.2 Biological Properties.
Total organic matter content illustrated significant vertical variability at X6 (Fig. 7.11). Most
profiles displayed a relatively small increase for TOM between the surface and 3.75 ern. and a
strong decrease between 6.25 and 11.25 ern. The profile for May 1995 was clearly different to
all other profiles: depth-mean values were higher than for other profiles. and the dependence of
TOM on depth was almost linear, with a relatively small negative gradient. Coefficients of
temporal variation were highest at the base of the core section, where the disparity between TOM
values for May 1995 and for other profiles was greatest.
Depth-means for log BN displayed no significant difference between different levels at station
X6 (Fig. 7.12). However, some profiles illustrated a broad trend of decreasing log BN with
increasing depth. Coefficients of temporal variability decreased with depth from 18.3% at the
surface to 10.0% at 11.25 ern.
Total carbohydrate content displayed significant vertical heterogeneity at X6 (Fig. 7.13). The
mean profile exhibited a relatively linear decrease with depth. CTV was larger at the surface
(22.8%) than at other levels; this being due to a relatively high surface depth-mean for May 1995.
Depth-means for liquid-phase carbohydrate content revealed no significant difference between
different levels at station X6 (Fig. 7.14). However, some profiles (September 1994 and April
1995) exhibited a pattern of vertical variation similar to the characteristic profile described for
TOM: with a positive gradient between the surface and 3.75 em, and a negative gradient between
6.25 ern and 11.25 ern. The profile for May 1995 displayed a decrease in LPC with depth. CTV
values were strongest near the surface (31% at 1.25 ern).
Polysaccharide content at X6 illustrated no significant difference between depth-means measured
at different levels (Fig. 7.15). However, the mean profile exhibited a rise in PC between 1.25 ern
and 3.75 ern, and a reduction with further depth increase: this being similar to the profile shape
described for TOM. Profiles for some months (particularly May 1995) illustrated a reduction in
PC with depth. CTV was highest at the surface (30.8r;r).
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7.3.3 Station C6.
7.3.3.1 Physical Properties.
Vertical variation of moisture content illustrated a significant reduction at station C6, from
37.0+6.4% at the surface to 22.2+2.2% at 15.5 em (Fig. 7.4). The sediment section can be
divided into two layers in terms of gradients and CTV values. Between the surface and 9 ern
gradients were relatively strong and variable (-155.2+ 140 rn'), and below 9 em gradients were
weak and consistent (-68.7+37.2 m'). Coefficients of temporal variation were larger within the
upper 6 em (14.6+4.8 %), relative to coefficients for depths below 6 em (5.0+ 1.50/('). Gradients
exhibited marked vertical variation for near-surface depths, particularly within the upper 5 cm
where some profiles displayed gradient alteration from strongly negative to strongly positive over
a depth change of just I cm. Differences between levels were found to be significant within
either layer, irrespective of the boundary depth. The best fit equation found for the mean
moisture content profile is given below.
%w = 35.6-137Z+368Z 2 ±O.9 R 2=0.953 7.13
At station C6, depth-means for sand content exhibited significant variation between different
levels (Fig. 7.5). Mean sand contents were smaller for the upper 10 em UQ .O± 1.1 %) than for the
lower 10 em (86.4+1.5%). One distinctive feature that was common to all profiles was a
reduction of F; between the 1.25 em and 3.75 ern depth levels. Profiles tended to display positive
gradients for intervals at greater depth. CTV illustrated little depth-wise variation. but was
larucst at the surface.
'-
Carbonate content showed significant variation between depth-means measured at different levels
for station C6 (Fig. 7.6). Values were relatively consistent within the upper 10 em (5.1±O.4(;; ).
and higher and more variable in the lower 10 em (8.2± 1.70/('). Some profiles exhibited a distinct
peak carbonate content at the 16.25 em depth level, where the maximum value was 20.SC1c. The
highest CTV also occurred at this depth (560/(').
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At station C6, vane shear strength displayed significant variation in the vertical plane: decreasing
from 1.2+0.3 kPa at the surface to 12.9+9.3 at 18.75 em, giving a pooled mean gradient of
56.4+19.8 kPa m' (Fig. 7.7). Depth-means for levels below 12.5 em displayed no significant
difference with depth. CTV values were relatively consistent, except for the 6.25 ern level which
displayed very little variation (CTV=5.7%). Polynomial expressions best described the mean
profile, but the power law given below provided an almost equally good fit.
Su = 47.5Zo.838 ±1.2 7.1..J.
Depth-means for Vp- ratio displayed significant variation between different levels at station C6
(Fig. 7.8). Profiles illustrated a relatively well defined pattern, with mean values reducing from
1.111 +0.018 at the surface to 1.101 +0.010 at 3.75 ern, before increasing with greater depth to
1.l60±O.007 at 18.75 cm. Gradients were, therefore, usually negative for the uppermost depth
interval (-0.406+0.595 rn'), and positive for intervals below this (OA08±0.137 m'). CTV was
largest near the surface; with values of 1.47±O.3% for the upper 5 ern. and 0.75±O.28% for levels
below 5 cm. The equation found to give the best fit to the mean profile is presented below.
V -ratio = 1.11-0.597Z+11.5Z2-38Z 3 ±O.0082p 7.15
Shear wave velocity at C6 displayed a significant increase with depth, from 14.9+4.1 ms' at the
surface to 91.7+30.9 ms' at 21 em (Fig. 7.9). Gradients were comparatively strong for intervals
between 1 em and 6 em, and between 16 em and 21 ern (706+428 S-I). Depth-means for 6 em.
11 ern and 16 em were not significantly different, and gradients between these levels were weak
(151.7+ 119.1 S-I). Temporal variability was highest for these intermediate depths (mean
CTV=34.6+4.3%). The best fit equation discovered for the mean V, profile is given below.
v = 3.5+1290Z-10600Z2+31000Z 3 ±6.8
s
7.16
At station C6. depth-means for formation factor (Fig. 7.10) displayed significant differences
between levels (with the 3 cm level included or omitted). Values increased from 3.201 ±O.212
at the surface to 5.2g2±O.782 at 17 cm. Gradients were relatively strong between 3 em and 5 cm
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(33.4+8.8 m'), and were also high between 5 em and 7 em (19+ 10.4 rn'). Coefficients of
temporal variation were greatest at the 15 em and 17 ern levels (12.1 Ck). Linear. power and
polynomial expressions all gave good fits to the mean FF profile (with values for 3 em omitted).
in terms of R2. The power expression, given below, was considered to be the most favourable,
since it best accounted for the relatively high gradient between 5 em and 7 em.
FF = 8.363Zo.259 ±O.187
7.3.3.2 Biological Properties.
7.17
Variation of total organic matter content with depth was significant at C6 (Fig. 7.11). Profiles
illustrated a distinctive pattern, displaying strong positive gradients between the surface and 3.75
em, and strong negative gradients between 6.25 cm and 11.25 em. Coefficients of temporal
variation displayed little change with depth.
Significant differences between log BN measured at different levels were found for station C6
(Fig. 7.12). Profiles usually revealed a small increase in numbers between the surface and 3.75
ern level, followed by a reduction with further depth increase. CTV values were highest at the
surface (10.6%).
Total carbohydrate content displayed significant vertical heterogeneity at station C6 (Fig. 7.13).
The mean profile illustrated a similar pattern to that described above for other biological
parameters: with CC increasing between 1.25 em and 3.75 em, and decreasing below 3.75 em.
CTV values were highest at the surface (21.3%).
At station C6, depth-means for LPC did not display significant variation between different levels
(Fig. 7.1--1-). Some profiles, however, displayed the familiar pattern of increasing value between
the surface and 3.75 em, and decreasing value below 3.75 em. This was not the case for the May
1995 profile which displayed an almost linear reduction with depth. Coefficients of temporal
variation were highest at the surface (36.Y7r).
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Polysaccharide content displayed significant vertical heterogeneity at C6 (Fig. 7.15). The
characteristic pattern of a near-surface rise, followed by a reduction with depth below 3.75 em,
was evident for some profiles. CTV illustrated little depth change, but was highest at 6.25 em
(25.6%), due to a maximal value for the May 1995 profile.
7.3.4 Station D6.
7.3.4.1 Physical Properties.
Moisture content exhibited a significant depth-wise reduction at station D6. from 33.0+3.6% at
the surface to 21.7+2.6% at 14.5 em (Fig. 7.4). The sediment section can be divided into two
zones on the basis of gradient: between the surface and 7 em gradients were relatively strong (-
147+102 %m-1) ; for depth intervals below 7 em gradients were weak (-30.6+54 %m-1) , and
differences between levels were insignificant. CTV was comparatively large for the upper 5 em
(11.0+4.0%), and also at depths greater than 9 em (l0.1+1.7%). Values were smaller for
intermediate depths (5.4+1.2%). The best fit equation found for the mean profile is given by:
%w = 32.9-185Z+752Z 2 ±O.9 7.18
At station D6, depth-means for sand content exhibited significant variation between different
levels (Fig. 7.5). A higher proportion of coarse material was observed in the upper 10 em
(88.1 + 1.6%) relative to the lower 10cm (92.8+1.6%). No significant differences were found
between levels within these depth ranges. Gradients were strongest between 8.75 em and 11.25
em (161 ± 100 %m-1) , representing the transition between the layers of lower and higher F;
Coefficients of temporal variation were independent of depth.
Carbonate content exhibited significant variation with depth at station D6 (Fig. 7.6). Distinct
peak carbonate contents were identified for a number of profiles, with values as high as 39(;(,.
In terms of mean carbonate content, three layers were identified corresponding to the following
depth ranges: the upper 5 em (5.7±O.9%), between 5 em and 15 em (12.9±.l.Jc(). and IS em to
20 ern (8.2+ 1.00/0). The intermediate depth range coincides with the area in which distinct peak
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values were measured. CTV was highest for levels within this depth range (80.6+30.9lJc).
Shear strength at station 06 displayed a significant increase with depth, between mean values
2.1±O.5 kPa at 1.25 em and 13.7+5.4 at 18.75 em, giving a pooled mean gradient of65.1±21.8
kPa m' (Fig. 7.7). Some profiles illustrated a relatively linear depth dependence for near surface
levels, followed by a sharp rise in S; below some 'threshold' depth, commonly 11.25 ern (May
and September 1994, and April 1995). Other profiles exhibited large positive shifts in Su relative
to the mean profile. Coefficients of temporal variation displayed little change with depth. A
second-degree polynomial best described the mean S; profile (R2=0.983), but the linear
expression given below gave an almost equally good fit.
Su = O.9+68.4Z ±1.4 7.19
Vp- ratio depth-means were significantly different for different depth-levels at station 06 (Fig.
7.8). Profiles illustrated a similar pattern to those described for C6, although less well defined:
the mean gradient was slightly negative for the interval between 1.25 em and 3.75 ern
(- 0.338+0.296), and generally positive below this (0.627+0.275). As for Fs' Vp- ratio values
were significantly smaller within the upper 10 em (1.147+0.014) relative to those recorded for
the lower 10 em (1. 177±O.006), but no significant difference existed between levels within either
depth range. CTV was relatively small for levels below 12.5 em (1.21±0.78%). The best fit
equation found for the mean profile was the third-order polynomial given below:
V -ratio = 1.15-0.827Z+14.1Z2-48Z 3 ±O.0069
p
7.20
Vertical variation of shear wave velocity at 06 is depicted in Figure 7.9. A significant depth-
wise increase was discovered, between mean values of 22.5±5.0 ms' at the surface and
116.9+9.5 ms- I at 16 ern. Gradients were generally strong for all depth intervals. giving a pooled
mean of 629+202 S-I. CTV values were similar for the 1 em, 6 em and II ern levels (19.3+ 1.9%).
and smallest at 16 ern (6.6%). A linear equation gave a good fit to the mean profile:
v = 15.9+6.38Z ±4.3
s
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7.21
Formation factor displayed significant vertical variability at D6 (with the 3 em level included or
omitted), increasing from 3.56±O.21 at 3 em to 5.13±1.05 at 15 em (Fig. 7.10). The pooled mean
gradient was 14.5+7.5 m'; gradients between 3 em and 5 em were much stronger (40.6+3.6 m'),
and showed little variation with time. Depth-means for levels at 9 em and below displayed no
significant difference. The highest CTV values were found at the 13 em and 15 em leveIs
(12+2%). The second-degree polynomial given below best described the mean FF profile.
FF = 2.63+38.2Z-144Z 2 ±0.292
7.3.4.2 Biological Properties.
R 2=0.957 7.22
Total organic matter content exhibited significant variation with depth at D6 (Fig. 7.11). Profiles
generally displayed the characteristic pattern of variation reported above for stations X6 and C6:
with a relatively strong increase in TOM between the surface and 3.75 em, and a relatively strong
decrease between 6.25 em and 11.25 em. CTV was highest at the surface, due to a peak value
for the November 1993 profile.
With regard to depth-means for different levels, log BN displayed no significant vertical contrast
at D6 (Fig. 7.12). However, individual profiles tended to indicate a reduction with depth.
Coefficients of temporal variation showed little alteration in the vertical plane.
For total carbohydrate content at station D6, no significant differences were identified between
depth-means recorded for different levels (Fig. 7.13). Profiles for May 1994 and April 1995,
however, illustrated a strong increase in value between 1.25 em and 3.75 em, and a reduction
with further increase in depth. In most cases gradients were negative below 3.75 em. CTV
illustrated little vertical alteration.
Depth-means for LPC illustrated no significant differences between different levels at 06 (Fig.
7.1'+). However, some profiles displayed large amplitude depth alteration, and different forms
of variation were observed for different months. For all profiles LPC decreased below 6.25 em.
The mean profile illustrated a similar pattern of variation to that described for TO\t with
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maximum values at 3.75 cm and 6.25 ern. CTV displayed a small reduction with depth.
Polysaccharide content at D6 (Fig. 7.15) did not display significant vertical di versity when depth-
means were considered for different levels. However, as for LPC, the mean profile gave the
characteristic pattern of variation described for TOM. Individual profiles were generally similar
in form to the coincident profiles for LPC, and all displayed reduction below 6.25 em.
Coefficients of temporal variation displayed little change with depth.
7.4 In Situ Measurement of Shear Wave Velocity.
It is appropriate to include a results section concerned with the in situ measurement of shear wave
velocity here, since comparisons between core ~~ and ill situ V, are presented in the forthcoming
discussion (Section 7.5.8). Due to limitations imposed by harsh weather conditions and the time
required for sediment coring, satisfactory shear wave velocity measurements, using the in situ
probe SAPPA (see Chapter 5), were only collected within the study area on two occasions: at
station Y8 during the cruise in May 1994, and at station Y6 during the cruise in May 1995.
At Y8, S-wave records were successfully obtained for two deployments of the probe, using the
solenoid signal generator and four bimorph receivers. An equidistant spacing of 0.1 m separated
receivers, and the first receiver was positioned approximately 0.35 m from the S-wave source.
The separation of source and receivers was uncertain due to flexibility of the source mounting
to the probe arm. This did not effect velocity masurements since the difference between S-wave
onset times for different receivers was utilized to calculate V,. A regression of onset times versus
receiver separation gave an S-wave velocity of 19.9+3.6 ms' (?=0.91).
At Y6, S-wave records were successfully obtained on three deployments of SAPPA, using both
the solenoid source and a bender transducer as signal generators. However, traces were only
satisfactory for the two bender receivers closest to the transmitters. The first receiver was
positioned approximately 0.25 m from the solenoid source, and approximately 0 ..30 m from the
bender transmitter. 0.15 m separated the two receivers. The difference in Svwave onset times
between receivers gave velocities of 16..3±1.0 ms'\ for the bender transmitter, and 16.5± 1.0 ms I
'-
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for the solenoid transmitter.
7.5 Discussion.
7.5.1 General Definitions: Active Zones and Inflection Profiles.
Active and Inactive Zones.
One of the foremost observations with respect to the vertical variation of physical properties. is
that the most dramatic alteration, both vertically and temporally, commonly occurred within the
upper few centimetres of sediment. This warrants separation of the sediment section into a
near-surface 'active zone' and sub-surface 'inactive zone'. This categorization facilitates profile
description; it is not meant to imply that mechanisms of structural alteration were absent below
the active zone.
Inflection Profiles.
Sand content, Vp- ratio, and a number of biological profiles commonly exhibited reversals in the
sign of gradients above and below the 3.75 em depth level. These profiles have been granted the
term 'inflection profiles' for descriptive purposes.
7.5.2 Moisture Content.
The separation of sediment sections into active and inactive zones is clear in the case of moisture
content (Fig. 7.4), which displayed strong vertical contrast and high coefficients of temporal
variation for the upper .+ em to 9 em. The physical distinction between superficial and sub-
surface sediment layers is likely to be a response to gradients in hydrodynamic and/or biological
processes. Results given by Rowden et al (1997) affirm the hypothesis of a biological control
of moisture content within the upper few centimetres. Their study indicated that moisture
content. within the upper 5 em of a muddy sand bed in the southern North Sea, was significantly
correlated with the abundance of Amphiuru jilijormis: the dominant species occuring at station"
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sampled for this study. Moisture content exhibited the highest degree variability at station Y6,
where A. filfiformis was most commonly observed at the sediment-water interface of recovered
cores and grab samples.
In terms of moisture content, separation of a surficial active zone and sub-surface inactive zone
is obvious for stations Y6, C6 and D6, but less clear for station X6; where temporal variation
showed little depth change and gradients were relatively constant, but strongest within the upper
4 em. At Y6, the dominant control of moisture content was probably biological, but at C6 and
D6, hydrodynamic forces are likely to have been important. The disparity displayed by X6 may
indicate transition from a biologically dominated to physically dominated environment.
Alternatively, profiles at X6 may be the response of a vertical transition of biological processes;
with A. filfiformis controlling near-surface w, and gradients in the activities of deeper burrowing
organisms controlling the reduction of w between 4 em and 15 ern. Deeper burrowing species
were identified by Mitchell (1993) in the study area (see Chapter 2).
Mean profiles of moisture content were best described by polynomial expressions (Table 7.4).
An exponential law also provided a good fit for station X6. For stations X6, C6 and 06, the
prediction given by a third-degree polynomial was not significantly better than that given by a
second-degree polynomial. Similarly, for approximately the upper 100 m of sea floor sediment,
Hamilton (1975) and Taylor Smith (1986) provide second-degree polynomial expressions for the
depth dependence of porosity. In the case of station Y6, however, where the active and inactive
sediment layers displayed the greatest degree of contrast, a third-degree polynomial gave a better
description of the mean profile than did any other expression.
7.5.3 Sand Content.
Sand content was generally smaller for the upper 5 to 10 em of the bed. in comparison to
sediment at greater depth (Fig. 7.5). This is consistent with high surficial moisture contents.
since marine sediments usually display an inverse relationship between grain size and porosity
(Hamilton and Bachman, 1982). However. textural contrasts were small in comparison to those
recorded for iv, suggesting that, on a local scale, texture was not the only control of no.
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F; generally exhibited the greatest amount of temporal variation in the upper few centimetres of
the bed, and in the case of X6 dramatic alteration was recorded in this region. Variability of sand
content may have resulted from the biological redistribution of deposited material, biodeposition,
and temporal variation of sediment supply and resuspension. Mitchell (1993) describes
compacted mud tubes found in the study area, as evidence of biological reorganization of
material with respect to grain size (see Chapter 2).
A number of sand content profiles can be described as inflection profiles: i.e. illustrating a
decrease between the surface and 3.75 ern levels, and an increase with further increase in depth.
This pattern of variation was well defined at station C6. where all profiles. excluding that
recorded for September 1994, illustrated a reversal of gradient. from negative to positive. above
and below the 3.75 cm level.
Since for each depth-mean value only one sample was taken for moisture and sand content
determination, confidence is limited for observations concerning these parameters. However,
general structural observations can be substantiated by evidence from other measured parameters
with greater numbers of replicates.
7.5.4 Carbonate Content.
Carbonate content did not display significant vertical alteration at muddy stations (Y6 and X6),
but results for sandy stations (C6 and D6), and from some preliminary midicore samples.
indicated high sub-surface carbonate contents. This is indicative of shell laminae. which had
previously been identified, during a precursory box core survey, at approximately 10 em below
the sedment-water interface (A. Rowden, pers. C0171nl.).
For some sub-surface depth-levels, high CTV values were recorded at stations C6 (16.25 em) and
D6 (between 5 cm and 15 em) for carbonate content. Such variation IS thought to be
predominantly the result of small-scale lateral heterogeneity, rather than a signal of temporal
variation. This is evidenced by two observations: firstly, the precursory box core survey had
indicated a patchy distribution of the shell layer; secondly, rnidicorc sampling often required
180
repetition at sandy stations due to insufficient core penetration, which was interpreted as
resistance due to shells and shell fragments. Further consideration is given in Section 704.8.
7.5.5 Shear Strength.
Investigations of shear strength in surficial marine sediments have indicated varied patterns of
vertical alteration, due to the complex range of site-specific controls and technique dependent
variables (Buchan et al, 1966; Briggs et al, 1985; Faas, 1986; Meadows and Tail. 1989).
Increasing Su with depth has generally been reported, due to increasing overburden pressure and
gradients in biological activity.
Vertical variation of shear strength displayed regional contrast, and profiles for individual
stations exhibited some characteristic patterns (Fig. 7.7). An increase of Su with depth was
evident for all stations. Low surface shear strengths were common to all stations, and for muddy
stations zero Su was sometimes recorded. Bokuniewicz et al (1975) have reported an absence of
measurable surface cohesion in natural muddy beds as a result of sediment reworking by benthic
animals.
At station X6, Su displayed a strong increase within the upper 12.5 em, and little alteration with
further depth increase. Similar profiles have been reported by Briggs et al (1985) for deep sea
sediments. Meadows and Tait (1989), in a study of deep sea muddy sediments, have reported
shear strength profiles comparable to some of those recorded at Y6, C6, and particularly D6:
with a relatively weak depth increase in the upper few centimetres of the bed, followed by a
strong increase at greater depth. For sandy stations, the sharp increase in gradient may be partly
associated with replacement of the cruciform vane by the T 175 vane, since the depth of alteration
sometimes coincided with this instrumental change: although the two vanes gave good
aggreement during calibration using homogenous clay samples, this may not be the case for
heterogenous materials due to different vane dimensions (see Chapter -l).
CTV values were highest at the surface for stations Y6 and X6, hut not for C6 and D6 which
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displayed some large differences between profiles at depth. Such differences may be partly
attributable to within-station lateral diversity, and the use of different vanes. Shear strength
gradients at all stations were most consistent, and always positive, for the uppermost depth
interval. No evidence of inflection profiles was found, although sand content sometimes
exhibited a reduction between the surface and 3.75 em level, particularly at C6. This suggests
that, on a localized scale, overburden pressure was a more important control than sand content.
Mean profiles of vane shear strength were best described by second-degree polynomials, but
linear or power expressions were almost equally as competent: linear equations provided good
descriptions of depth dependence at stations Y6 and D6; power laws provided good descriptions
of depth variation for stations X6 and C6 (Table 7.4).
7.5.6 Compressional Wave Velocity Ratio.
Hamdi (1981) and Hamdi and Taylor Smith (1981) provide empirical expressions for P-wave
velocity as a function of overburden pressure, for a calculated maximum sediment depth of 80
m. They considered a range of texturally homogenous samples, from clays to sand. For most
sediment types a second-degree polynomial provided the best description of the pressure
dependence, but for low porosity sands a power expression could also give a good
approximation. They attribute an increase of Vp with depth to decreasing porosity and increasing
rigidity with increasing overburden pressure.
Depth variation of Vp- ratio was similar to that of sand content, but illustrated more well defined
patterns (Fig. 7.8): i.e. more prominent signals of vertical variation, in comparison to the degree
of variability between depth-means at each level. For station C6, most profiles were classified
as inflection profiles; illustrating a decrease of Vp-ratio between the 1.25 em and 3.75 em levels.
and an increase with further increase in depth. A number of inflection profiles were also
identified for station D6. but variation within the upper 10 em was less marked. It is clear that
the vertical variation of Vp- ratio may be associated with variation in sediment texture. This will
add complexity to models of variation which consider alteration of sediment properties due to
increasing overburden pressure in texturally homogenous materials.
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Mean profiles of Vp-ratio were best described by polynomial expressions (Table 7.4). At station
Y6, a power law also provided a relatively good approximation, and at station X6 depth
variation was relatively linear. For stations C6 and D6, third-degree polynomial expressions best
described the mean profiles, and other expressions were relatively poor. This was due to the
near-surface reduction of Vp-ratio. Third-degree polynomials provided the only account of this
feature of the profiles, but underestimated the actual reduction: for station C6, the best fit
expression (equation 7.15) accounted for only 25% of the measured reduction; for station D6.
the best fit expression (equation 7.20) accounted for 65% of the measured reduction.
7.5.7 Shear wave velocity.
In recent years, the variation of shear wave velocity with depth, in sedimentary materials, has
attracted the attention of a number of workers, particularly due to its significance in geotechnical
engineering applications (eg. Hamilton, 1976; Hamdi, 1981: Davis, 1982: Lovell and Ogden,
1984; Bates, 1989). Investigations have generally concentrated on variation of V
s
within the
upper few tens of metres of the sediment column; there is a paucity of data relating to the upper
few centimetres, where the most dramatic changes in sediment properties occur. Since V
s
was
regarded as probably the most significant physical parameter measured in this study, this section
deals with its vertical variation in considerable detail.
Table 7.5. Statistics for shear wave velocity gradients, including: the mean, standard deviation
(SD), minimum and maximum (units of rns!m'), and the coefficient of variation (CY).
Station Mean SD Minimum Maximum %CY
Y6 77.1 80.2 -60 232.4 104
X6 84.2 34.9 -3.6 130.6 41.4
C6 414.7 363.3 -90 1096 87.6
D6 629.0 364.2 -90 1252 57.9
Table 7.5 lists statistics for all measured V, gradients. Mean gradients at sandy stations were
clearly much stronger than mean gradients measured for muddy stations. Gradients were highly
variable within any location, and, although all stations illustrated a strong increase of \ 's with
183
depth, negative gradients were sometimes recorded. The highest consistency was found for
station X6.
Mean gradients reported in Table 7.5 are much greater than those recorded in the literature.
Richardson et al (1991), for instance, report gradients of upto 17 S-I at muddy sites. and 85 S-l at
sandy sites, for the upper 2 m of the seabed. Other studies generally list weaker gradients. This
disparity can be explained by the following experimental and material characteristics:
1. No other known investigation of naturally deposited materials has measured V at such
s
closely spaced intervals, and so close to the sediment-water interface. where the most
dramatic alteration in sediment structure occurs.
2. Sediment at sandy stations was shelly, hard and highly packed just below the sediment-
water interface, giving a strong contrast with properties closer to the surface.
For stations Y6, X6 and D6, CTV values for V.S were greatest at the sediment-water interface.
This supports the idea of a surficial active layer in which sediment properties display relatively
strong variation with time. At station C6, however, V.S displayed a high degree of temporal
variation at depths of 6 em and below, and relatively little variation at the surface. This is
considered further in the section on temporal variability (Chapter 8).
Most previous studies of the variation of V.S with depth have shown a power law to provide a
good fit to the data. Exponents for such empirical expressions are quite variable, generally
ranging between 0.25 and 0.50, and appear to be independent of sediment type (Taylor Smith.
1986). Other data sets have been fitted with linear expressions, but these tend to impose a
boundary condition of surface velocity which is too high in relation to velocities measured in this
study. Hamilton (1976). for instance, provides an linear equation for silt-clays, which gives a
velocity of 116 ms' for zero depth. Power laws probably give a more realistic boundary
condition of zero rigidity at the sediment-water interface.
The relative efficacy of different models for mean Vs profiles is given in Table 7.4. For stations
Y6 and C6. mean profiles were best described by third-degree polynomials. This was due to
relatively strong gradients for the uppermost and deepest depth intervals. in comparison to those
recorded for intermediate depths. Linear equations gave good descriptions of the mean profiles
for stations X6 and 06 (although for X6 a third-degree polynomial gave a slightly better fit). For
all stations a power law provided a reasonable description of the mean profile (,-2>0.96).
In Table 7.6 individual profiles have been considered, and the mean and standard deviation for
power law constants are listed. Power laws were superior to linear equations for stations Y6 and
C6, but both gave similar fits for X6 and 06. Exponents for sandy stations were higher than
those in the range given by Taylor Smith (1986). The highly variable nature of the depth
dependence of V~ is clear, but equations do show a relationship with sediment type: constants
for muddy stations are smaller than constants for sandy stations.
Table. 7.6 Mean and standard deviation (SO) for constants for power expressions fitted to the
variation of shear wave velocity (VJ with depth (2), and mean coefficients of determination (r\
Station V=aZ'~
1
a 11 r:
Mean SO Mean SO
Y6 37.8 2.7 0.41 0.06 0.916
X6 43.6 6.1 0.34 0.06 0.959
C6 216.9 71.9 0.57 0.04 0.915
06 323.1 52.0 0.59 0.07 0.952
V
s
values were compared with those predicted by equations given by some other investigators.
Hamilton (1976), from a compilation of values determined mostly in situ, suggests the following
expression for sands. over a depth range of 0.2 to 12 m:
v = 128Zo.28
s
7.23
This has been substantiated by the laboratory study of Bates (1989). who found values of 133 for
a and 0.27 for 11. for sands over an effective depth range of 4 to 110m.
Richardson, et al (1991 ), from in situ measurements at several shallow water sites of various
textures, provide the expression given below for the upper 2 m of the bed, which incorporates
void ratio (e).
V
s
= (85/e)ZO.3 7.2'+
Vs values predicted by Hamilton's equation were compared with measured values for sandy
stations. Predicted velocities give a mean overestimate of 60% (range -25Ck to 2099'c) in relation
to measured values for C6, and a mean exaggeration of 22% (range -33% to 100%) for 06. For
both sandy stations the largest overestimate is for the surface. For 06, Hamilton's expression
generally underestimates values measured at 11 em and below.
Predicted velocities given by the equation of Richardson et al (1991) were compared with
measured velocities at sandy stations. Predicted values give a mean exaggeration of 37% (range
-320/0 to 149%) for C6, and are in relatively good agreement for 06, giving a mean difference of
-60/0 (range -35% to 52%). Disparities display a similar variation with depth as given by
Hamilton's equation; with surface values giving the largest overestimate, and velocities at 11 cm
and below being underestimated for D6. Thus for sandy stations, the increase of V~ with depth
is stronger than that predicted by the Hamilton and Richardson equations. The equation of
Richardson et al (1991) provides the better fit to the measured data.
For muddy stations Hamilton's equations for either sands or silt-clays (Hamilton, 1976) give large
overestimates in comparison with measured velocities. Equation 7.24 provides a closer match,
giving a mean overestimate of 61% (range 3% to 125%) for Y6, and 739'c (range 22% to 224%)
for X6. For both stations the disparity is relatively small at the surface and increases with depth,
indicating weaker measured gradients for V~ than predicted by Richardson's equation.
Since the predictive equations of Hamilton (1976) and Richardson et a! (1991) were obtained
from in situ data, they are expected to yield velocities greater than those measured in core
samples (Richardson ct al, 1990). This was generally the case, except for depths greater than 6
em for station D6. Neither expression is suitable for layered sediments: textural variation in core
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samples could, therefore, be an additional source of dissimilarity.
7.5.7.1 Comparison of Core V" and In Situ V
s
•
In situ S-wave velocities, measured using SAPPA, are considered to correspond to a sediment
depth of 80+40 mm, which is close to the 60 mm depth measured during core analysis.
Comparison of in situ (see Section 7.4) and core velocities for station Y6 indicates that in situ
velocities were greater. Mean ~~ measured at a depth of 60 mm for cores collected in May 1995
was 13.3+2.3 ms- I ; the in situ velocity is 23.3% greater. In situ V, was also greater than core V,
measured at 110 mm (12.5±1.4 ms- I ) , but was similar to core V
s
for 160 mm (16.9+0.2 ms- I ) .
The difference between in situ V~ and core ~~ suggests a reduction in sediment rigidity as a result
of disturbance during coring or the insertion of cores into the test frame, or chemical alteration
during storage. Similar reductions in rigidity have been recorded by Richardson et al (1990), and
must be expected since any form of seabed sampling is certain to produce some degree of
disturbance.
Unfortunately, the only station for which both core and in situ V~ values were obtained was Y6.
Consequently, for other stations, possible alteration of Vs due to coring and core processing can
only be estimated from empirical predictive equations given by other investigators (eg. 7.24).
These may be inapplicable due to differences in sampling protocol and material type.
Core V, at Y6, is smaller than that predicted by equation 7.24 (derived from in situ data) and that
obtained in situ using SAPPA. It is, therefore, appropriate to ask the question: can the disparity
between core V~ and estimates obtained using equation 7.24, be explained by disturbance during
coring and sample processing? In other words, do in situ Vs and equation 7.24 give similar
overestimates of core V, '?
A comparison of core \ '" in situ V
s
' and predictions from equation 7.2--L for the 6 em level at
station Y6, is presented in Table 7.7. It is only for May 1995 that all three values are available.
For this date, equation 7.24 gives a similar velocity to core V,. and a smaller, but relatively
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similar, overestimate as given by in situ Vs ' For other dates the equation of Richardson et al
(1991) gives a much larger overestimate of core V,.
Table 7.7 Comparison of measured and predicted shear wave velocity (VJ at 6 ern depth. station
Y6. Measured core V:s is compared with in situ V:s obtained using SAPPA, and V, predicted by
equation 7.24.
Sampling Void Core Vs Equation 7.24 Prediction In situ V,
Time Ratio V, 0/0 Difference v, % Difference
May 1994 1.953 10.2 18.7 83.3
June 1994 1.634 13.2 22.4 69.7
Sept. 1994 1.670 14.5 21.9 50.9
April 1995 1.708 9.5 21.4 125.2
May 1995 2.517 13.3 14.5 9.0 16,4 23.3
Mean 1.896 12.1 19.3 59.3 16.4 35.5
An obvious difference between sediment sampled in May 1995 and sediment sampled earlier is
that void ratio was much higher. Overestimates given by the Richardson equation were found
to be a non-linear (approximately exponential) function of void ratio for muddy stations (but not
for sandy stations), such that percentage difference became smaller as void ratio increased.
Due to the limited amount of in situ data, it is difficult to conclude whether overestimates of core
V, given by equation 7.24 can be explained by sample disturbance. However, the dependence
on void ratio suggests that equation 7.24 is unsuitable for application to this data set: Richardson
et a/ (1990) showed that in situ V
s
could be given as a linear function of core Vs ' and do not
illustrate a void ratio dependence; furthermore, if sample disturbance was related to (', one would
expect a positive correlation between overestimates and e, since sediment of high void ratio
should possess relatively low cohesion, and thus be more susceptible to structural disturbance.
Further consideration of prediction of V, is given in Chapter 10.
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7.5.8 Formation Factor.
The existence of a surficial active layer, in which seabed structure changes rapidly with depth.
is evidenced by FF profiles (Fig. 7.10), which illustrate strong, positive near-surface gradients.
The strength of gradients between the 3 cm and 5 cm measurement levels. however, resulted
from a combination of two processes: a real alteration in properties of the pore-fluid matrix
(particularly a reduction in porosity), and a decrease in FF at 3 ern due to current flow in
supernatant waters (see Chapter 4).
Using FF values measured at levels of 5 em and below, empirical equations were derived for
mean FF as a function of depth (7.07, 7.12, 7.17 and 7.22). Mean profiles were well described
by both power and polynomial expressions, except for station D6. where a power law gave a
weak fit in comparison to that given by a second- or third- order polynomial. It was assumed that
these expressions would give accurate predictions of true FF at the 3 em measurement level.
Table 7.8 Mean formation factor (FF) values measured and predicted for the 3 ern depth level.
and mean gradients. Gradients include: measured gradients between 3 em and 5 ern, corrected
gradients for this interval using predicted 3 ern values, mean gradients for all depth intervals
below 5 cm. Errors correspond to 95% confidence intervals.
Station Mean FF Gradient m'
Measured Predicted Measured Corrected Mean <5 ern
Y6 2.105+0.135 2.120+0.038 9.3±2.4 8.5±2.2 2.4+ 1.6
X6 2.550+0.240 2.640+0.046 20.2±8.8 15.7±6.8 6.1±3.4
C6 3.201 +0.211 3.372+0.187 33.4±8.8 24.8+6.5 12.2±4.2
D6 3.560+0.210 3.646+0.290 40.6±3.6 36.3+3.2 10.1+5.5
Table 7.8 illustrates mean FF values recorded at 3 ern, together with those predicted from the
empirical FF-depth equations. Predicted values (assumed to be true FF) are 0.7% to 5.31;(' greater
than measured values. Also displayed in Table 7.8 are mean measured gradients between the 3
em and) cm levels. Corrected gradients have been obtained through usc of predicted FF values
for 3 ern. Corrected gradients are 8.61/(' to 25.6(:(· less than those measured. \ lean gradients for
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depth intervals below 5 em are given for comparison. It is clear that corrected mean 2radients
"-
for the uppermost measurement interval are still much higher than those measured at greater
depth, by a factor ranging from 2.0 to 3.6. This supports the hypothesis of a structurally active
layer close to the sediment-water interface.
For muddy stations, FF displayed maximum temporal variation at the bed surface, as expected
with respect to the active layer hypothesis. However, for sandy stations coefficients of temporal
variability were greatest between 13 em and 17 em. This is not the depth range in which porosity
exhibited the greatest amount of variation, suggesting that the high variability of FF was due to
high variability of tortuosity, which is a function of grain shape. Since high %Carb existed at
depth within cores collected from stations C6 and D6. high variability of FF may have resulted
from variations in tortuosity associated with the presence of platy shell fragments.
At depths of around 15 em (where CTV was greatest for FF), sediment at C6 and 06 was well
compacted, with porosities of 37+2%. To put this in context, porosities are rarely lower than
35% for natural sands, even after centrifugation (Hamilton and Bachman, 1982). The high
degree of compaction was substantiated by high shear wave velocities. shear strengths and
compressional wave velocities. Furthermore, difficulty during coring and core sectioning
evidenced the highly compacted nature of the deposits.
It was considered that only extreme physical disruption of the seabed at C6 and 06 could produce
substantial alteration to sediment properties at depths below the upper few centimetres, with
respect to the time scales dealt with in this study. Consequently, differences in carbonate content
between different profiles, at depths below the upper few centimetres (Fig.7 .6), are thought to
be predominantly the result of lateral heterogeneity (see Section 7.5.4). High CTV values for FF
at 13 to 17 ern are probably not a signal of temporal variation. but the result of spatial
heterogeneity of sediment tortousity, associated with the patchy distribution of shell fragments.
190
7.5.9 Biological Parameters.
Although vertical variability of TOM was significant for all stations, other biological parameters
often gave insignificant results (see Table 7.4). This was particularly evident for muddy stations.
especially Y6 which gave insignificant results for all biological variables excluding TO~1. With
regard to sandy stations, vertical variability at C6 was significant for all parameters excluding
LPC, but at D6 insignificant results were recorded for CC, LPC and PC.
Two factors contibuted to the relatively high number of insignificant results with respect to the
vertical variability of biological parameters: firstly. biological differences were only tested for
the upper 12.5 em of sediment, whereas differences within the upper 16 to 23 em (depending on
parameter and station) had been tested for physical variables; secondly. biological variables
displayed a greater degree of temporal variation than did physical variables, in relation to the
magnitude of vertical variation (see Chapter 10). The second observation is considered to be the
most important with regard to differences between physical and biological variables in the
proportion of significant results: vertical variability was generally still significant for physical
variables when only the upper 12.5 cm of sediment was considered.
For most biological variables, vertical variation of CTV values substantiated the hypothesis of
a near-surface active zone, indicating relatively high amplitudes of temporal variability within
the upper 5 em of sediment. Such patterns were recorded for all biological variables at stations
X6 and C6; for CC and LPC at Y6; and for TOM, CC and LPC at D6.
A number of biological profiles were classified as inflection profiles: illustrating an increase
between the surface and 3.75 ern. and a decrease with further depth increase. For TOM inflection
profiles were evident for all stations (Fig. 7.11). Other variables illustrated some inflection
profiles. particularly for station C6. Since sand content and V,- ratio illustrated inflection
profiles. this suggests a relationship between the vertical distribution of physical bed properties
and some biological sediment components. Inflection profiles are considered further in Chapter
8.
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CHAPTER 8.
Temporal Variability of Sediment Properties.
8.1 Introduction: Background and Data Analysis.
The previous chapter considered the variation of sediment properties with depth. This chapter
deals with the other major source of within-station difference between depth-mean values:
temporal variability.
Temporal variation of surficial sediment properties occurs over a range of time-scales. due to
processes which may be periodic or sporadic. The data set collected for this study lent itself to
inspection for signals of seasonal variation. Physical properties of the upper few centimetres of
the seabed will vary over seasonal time-scales due to seasonality of biological and hydrodynamic
processes. For shallow water sediments, it is common to find a dominance of biological
processes during summer months and physical processes during winter months (Myers, 1977;
Rhoads, 1978; De Boer, 1981; Grant et al, 1982; Deflaun and Mayer, 1983).
Since the study area was monitored at irregular intervals for a relatively short time, identification
of seasonal patterns was dependent on 'noise' levels due to other sources of temporal variation.
'Events' such as storms, for instance, could produce dramatic changes to seabed properties over
very short time intervals. Smaller scale cyclic variation. particularly lunar, could also mask
seasonal signals, if present.
Analysis of variance was initially performed using depth-mean values grouped for different
sampling times. This gave an assessment of bulk temporal variability: i.e. variation of properties
with time. with all depth-levels (hence vertical variability) included. In order to exclude variance
due to vertical heterogeneity, analysis of variance was performed using difference values.
Difference values were generated from X ij - X',: where XII is the depth-mean for a particular depth-
level, i, and sampling time, j. and X/I is the mean depth-mean for that level. A profile giving
positive difference values therefore exhibited higher depth-means than the mean profile. and vice
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versa for a profile giving negative difference values. This method assumes that if bulk temporal
variability does not exist deviation from the mean profile will be due to random errors, and hence
display no consistent pattern with depth. However, if bulk temporal variability does exist.
profiles for individual sampling times will give consistent shifts with respect to the mean profile.
Temporal variation of sediment properties was examined for near-surface depths; this relates
to levels within the upper 5 cm to 6 ern of the bed (depending on parameter). Variation for this
depth range was considered since it was identified as the region of maximum temporal variability
for many parameters (see Chapter 7). Due to small numbers of depth-mean values. analysis of
variance was not performed for near-surface properties.
In order to assist descriptions of temporal variation, it is beneficial to introduce some expected
relationships between sediment properties. With regard to correlations established through
previous research, the following relationships were expected: inverse relationships between sand
content and moisture content (Hamilton and Bachman. 1982); inverse relationships between
strength / geophysical parameters and moisture content (Bokuniewicz et al, 1975; Jackson et al,
1980; Schultheiss, 1983; Woods, 1991); positive relationships between biological properties and
moisture content (Richardson and Young, 1980; Bennett et al. 1985: Jago et al, 1991).
Patterns of temporal variation were interpreted with reference to the expected relationships listed
above. In order to test whether temporal variation displayed expected patterns for different
parameters, the Chi-square test was utilised. For this, each data point was classified as either
positive or negative, depending on its difference value. The terms 'positive difference value' and
'negative difference value' are employed for descriptive purposes in the following sections.
8.2 Temporal Variation of Sediment Properties at Primary Stations.
The results of significance testing for bulk temporal variability are illustrated in Table 8.1. Since
many properties displayed a strong dependence on depth, significant temporal variability was
only identified for 20 of the -1-8 data sets analysed when depth-mean values were considered.
However, when difference values were employed in analysis of variance, bulk temporal
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variability was found to be significant for 44 of the 48 data sets collected.
Table 8.1. Significance testing of bulk temporal variability at each primary station, using both
depth-mean and difference values. Parameters tested include: moisture content. sand content,
carbonate content, vane shear strength, compressional wave velocity (Vp-) ratio. shear wave
velocity (~J, formation factor (FF), total organic matter content (TOM), bacterial numbers (BN).
total carbohydrate content (CC), liquid phase carbohydrate content (LPC l. and polysaccharide
content (PC). Significant results are highlighted by *.
Parameter Station
Depth-mean Values Difference Values
Y6 X6 C6 06 Y6 X6 C6 06
Moisture Cont. 0.000* 0.667 0.016* 0.030* 0.003* 0.001 * 0.000* 0.000*
Sand Content 0.134 0.005* 0.030* 0.001* 0.002* 0.000* 0.000* 0.014*
Carbonate Cont 0.020* 0.000* 0.156 0.217 0.000* 0.000* 0.006* 0.000*
Shear Strength 0.587 0.588 0.162 0.020* 0.000* 0.000* 0.039* 0.000*
Vp- ratio 0.630 0.042* 0.252 0.019* 0.020* 0.000* 0.000* 0.000*
v, 0.726 0.938 0.548 0.997 0.132 0.043* 0.000* 0.658
FF 0.506 0.380 0.891 0.507 0.000* 0.000* 0.192 0.004*
TOM 0.054 0.021 * 0.626 0.471 0.001 * 0.000* 0.007* 0.031 *
LogBN 0.002* 0.001 * 0.568 0.390 0.000* 0.000* 0.014* 0.029*
CC 0.049* 0.117 0.278 0.031* 0.000* 0.009* 0.018* 0.000*
LPC 0.002* 0.064 0.105 0.1..j.l) 0.000* 0.017* 0.022* 0.015*
PC 0.002* 0.002* 0.091 0.032* 0.000* 0.000* 0.080 0.000*
Time series for all parameters measured at stations Y6, X6, C6 and 06 are presented in Figures
8. I to 8.4. Bulk values are means for the upper 12.5 em of sediment: this depth range is
presented to allow comparison of physical and biological parameters over the same vertical scale.
Patterns of bulk temporal variation displayed little difference for physical parameters when
greater depth ranges were considered. Surface values are means for the upper ::I ern to 6 ern
(depending on parameter). Error bars correspond to either one standard deviation, or the range
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of values where only two depth-means were considered. Bars have been omitted for error ranges
not greater than the symbol size. Time series for difference values are presented in Appendix :2
(Figs. A I to A4).
8.2.1 Station Y6.
Time series for station Y6 are illustrated in Figures 8.1 (depth-mean values) and A 1 (difference
values). With respect to depth-mean values, bulk temporal variability was significant for H'.
carbonate content, and all biological variables, excluding TOM. In terms of difference values,
bulk temporal variability was significant for all parameters excluding V,.
Regarding physical properties, w was relatively low in October and November 1993, and June
and September 1994, and high in March and May 1994, and April and May 1995. H' was.
therefore, relatively low during summer and autumn, and high during spring. Variation of sand
content mirrored the pattern displayed by moisture content, with relatively high values for
summer and autumn months and lower values for spring. Other physical parameters gave time
series which tended to mirror moisture content, and follow a similar pattern of variation as sand
content.
For physical sediment properties, the Chi-square test indicated a significant seasonal signal for
both bulk and surface measurements (P<O.OO 1), which corresponded to that described above.
Difference values were generally negative for moisture content and positive for other physical
variables during summer and autumn, and vice versa for spring. Different physical properties
therefore displayed a consistent pattern of seasonal variability.
Times series for biological variables illustrate a number of features which suggest a positive
correlation with moisture content, and a negative correlation with other physical properties. All
biological parameters, excluding TOM, displayed a decrease in value between May and June
199..L which corresponds with a decrease for H' and increase for other physical properties.
Furthermore, all biological parameters, excluding BN, increased between September 1994 and
April 1995: coinciding with an increase in w. and reduction for other physical variables. The
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Fig. 8.1 Time series for all measured parameters at station \"6.
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most dominant feature observed in the biological records was a sharp increase in values between
April and May 1995. In general, this was not well represented in the physical time series.
For biological time series the Chi-square test indicated positive difference values for spring
(April and May) 1995, and generally negative difference values for all other sampling times
(P<O.O1). The highest moisture contents were also recorded for samples taken in 1995, along
with the lowest values for F, and most other physical parameters. During 1994, peak values for
all biological parameters occured during one of the spring months (March or May) rather than
June or September. A similar form of seasonal variation is therefore evident in both the physical
and biological records.
8.2.2 Station X6.
Time series for station X6 are illustrated in Figures 8.2 (depth-mean values) and A2 (difference
values). With respect to depth-mean values, bulk temporal variability of physical parameters was
significant for sand and carbonate content, and Vp- ratio. For biological parameters TOM, BN
and PC displayed significant variability. In terms of difference values, bulk temporal variability
was significant for all parameters.
For station X6, seasonal variation of moisture and sand content was in accordance with that
recorded for Y6. w was relatively high in spring, and relatively low in summer and autumn.
Sand content generally mirrored this pattern of variation, with low values in spring, and high
values in summer and autumn. The highest moisture contents and lowest sand contents were
measured in May 1995. Surface values for F, were very small for May 1995. in relation to other
sampling times.
Vp- ratio and S; (bulk values) were greatest in autumn 1993 and displayed a reduction between
October 1993 and May 1994. These variations were contingent with expected inverse
relationships with w, and positive relationships with F,. For sampling times in 199...L geophysical
parameters generally displayed a reduction between May and June. and an increase between June
and September. This is inconsistent with the expected pattern of variation with reference to the
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F; and w time series, and suggests that maximum porosity for samples taken during 1995 occured
in June, rather than May. For Su' surface values displayed little alteration during 1994. and bulk
values indicated a reduction with time. Surface values of Su' Vp-ratio and FF exhibited a
reduction between September 1994 and April 1995, coincident with an increase of H', and
reduction of F; A strong reduction of surface and bulk V~ was also observed over this period.
Most physical parameters, with the exception of H' and V~, displayed a reduction between April
and May 1995. This alteration was most dramatic for FF and for sand content (surface values).
For physical sediment properties, the Chi-square test indicated a significant seasonal signal for
surface, but not bulk, measurements (P<O.OI). Difference values were generally negative for
moisture content and positive for other physical variables during summer and autumn, and vice
versa for spring.
Regarding biological time series, most parameters displayed a strong increase in value between
April and May 1995, coincident with the large decrease of F; Values for May 1995 were
generally higher than for any other sampling time, and a greater proportion of positive difference
values was recorded (P<O.05).
For LPC and PC, values were relatively high for both sampling times in 1995, and the difference
between April and May was less marked. Values of LPC and PC in 1994 were highest for May
(coincident with peak H')~ suggesting some form of seasonality, with relatively high values in
spring. For TOM and BN, 1994 values were highest for September. and a reduction was
observed between September and April 1995. This opposed a strong increase of LPC and PC
over this interval. For measurements in 1994, BN, CC, LPC (surface values) and PC, all
displayed a reduction between May and June, and an increase between June and September; this
pattern being coincident with that observed for geophysical parameters. CC illustrated a pattern
of temporal variation which mirrored that measured for sand content. LPC presented a time
series with a similar form to that recorded for moisture content.
In summary, time series for X6 present a similar, but less well defined, seasonal signal to those
recorded for Y6: with relatively high w in spring, and low values for other physical parameters.
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Fig. 8.2 Time series for all measured parameters at station X6.
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Some biological time series display features consistent with this pattern.
8.2.3 Station C6.
Time series for station C6 are illustrated in Figures 8.3 (depth-mean values) and A3 (difference
values). Regarding depth-mean values, bulk temporal variability was only significant for
moisture and sand content. In terms of difference values, bulk temporal variability was
significant for all parameters excluding FF and PC.
For station C6, evidence of a seasonal pattern was observed in the time series for moisture
content; with relatively high values for autumn, and lower values for spring and summer. This
pattern differs from that described above for stations Y6 and X6. Sand content time series
provided little evidence of a seasonal signal. The pattern of variation for F, generally mirrored
that recorded for w, except between May and September 1994, in which case a similar pattern
was observed. The lowest w values were recorded in April 1995, this being coincident with the
highest F, values.
For SlI' Vp-ratio and FF, differences between adjacent sampling times generally mirrored those
observed for w. Time series tended to illustrate local maxima for June 1994 and April 1995,
which were coincident with minima for w. Coincident with maximum \I', minimum Vp-ratio was
recorded for September 1994. Minimum S; and FF values were recorded for May 1994 and May
1995. Time series for V, illustrated a different pattern of variation, indicating a reduction with
time. All physical parameters illustrated clear alteration between April and May 1995: \I'
displayed an increase in value, and all other variables displayed a decrease. The Chi-square test
did not indicate any consistent pattern of variation, in terms of difference values for different
physical parameters.
Time series for biological parameters at C6 displayed some features similar to those recorded for
moisture content. Most parameters, excluding PC, illustrated a reduction in value hetween
September 199.+ and April 1995, and all parameters illustrated a strong increase between April
and Mav 1995. This was the most prominent feature in most records, particularly in the case of
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Fig. 8.3 Time series for all measured parameters at station C6.
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LPC and PC, which displayed relatively little difference between other sampling times. TOM
illustrated relatively high values for autumn, which were coincident with hiah wand in zcneralb' c
gave time series similar to those recorded for w. BN gave peak values for May in both 1994 and
1995. In this case autumn values were relatively small. All biological parameters, excluding PC,
exhibited minimum values for April 1994, coincident with minimum H', and maximum values
for most other physical variables (excluding ~J.
In summary, time series for moisture content provide evidence for a seasonal signal which differs
from that described for Y6 and X6; with relative high values in autumn. and lower values in
spring and summer. Although time series for other physical parameters exhibit differences
between adjacent sampling times that often mirror those recorded for H', they do not substantiate
this seasonal signal. Time series for biological variables exhibit some similarities with time
series for w; in particular all biological variables displayed an increase between April and May
1995, this being consistent with an increase in wand a decrease for other physical parameters.
8.2.4 Station D6.
Time series for station D6 are illustrated in Figures 8.4 (depth-mean values) and A4 (difference
values). With respect to depth-mean values, bulk temporal variability of physical parameters was
significant for w F S and V - ratio. For biological parameters, variability was significant for
, s' U p
CC and PC. In terms of difference values, bulk temporal variability was significant for all
parameters excluding V~
For station D6, surface moisture content values were relatively small for autumn months and
higher for spring and summer; corresponding to the seasonal signal described for Y6 and X6.
This pattern was not well defined for bulk values, which displayed little difference between
autumn 1993 and spring 1994, but did illustrate a reduction throughout 1994, giving minimum
values for September. Both records indicated an increase between September 1994 and April
1995, followed by a sharp rise to maximum values in May 1995.
For sand content. values were relatively high for autumn 1993 and May 1995. and smaller for
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other sampling times, with minimum values in May 1994. Between September 1993 and June
1994, differences between adjacent sampling times mirrored those measured for H'. Between
June 1994 and May 1995, however, a similar pattern of variation was recorded for both
parameters.
.
S; displayed little alteration with time, except between April and May 1995. during which a sharp
increase was observed. Bulk values also increased between May and June 1994. Both these
features coincided with increases of sand content. Time series for Vp- ratio were similar to those
recorded for F s' except between June 1994 and April 1995. During this period, variation of
Vp- ratio mirrored that given for w, with relatively high values for September. For V. surface
values displayed a general trend of reduction with time. Bulk velocities displayed little
alteration, but mirrored the pattern of variation recorded for w. FF varied in a similar manner to
F; but only indicated alteration between April and May 1995 for surface values. Most physical
variables displayed an increase between May and June 1994. and April and May 1995.
The Chi-square test indicated a consistent pattern of variation for bulk, but not surface. values
of different physical parameters (P<0.05). This, however, provided little indication of a seasonal
signal. Difference values were generally positive for H' and negative for other physical
parameters for samples taken during October 1993, May 1994 and April 1995, and vice versa for
November 1993 and June 1994. Most physical variables, including w, gave positive difference
values for May 1995.
Regarding biological parameters, both TOM and CC indicated a general trend of reduction with
time. Reduction of CC throughout 1994 coincided well with a reduction of w. TOM and CC
time series did not give minimum values for September 1994, as was the case for u, and little
alteration was observed between April and May 1995. Variation of BN illustrated a similar
pattern to that described for w, with maxima in May 1994 and 1995. Time series were very
similar to those recorded for station C6. The most prominent feature of the BN time series was
a sharp increase between April and May 1995. Variation of surface values illustrated some
different features to that observed for bulk values. In particular. surface values displayed a
reduction between September and April 1995. This was coincident with reductions in TOM and
CC. Time series for LPC and PC were similar. Variation of both parameters displayed
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Fig. 8.4 Time series for all measured parameters at station D6.
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similarities to the variation of w, with minimum values in September 1994. and increasing values
between September 1994 and May 1995. An increase in LPC and PC was observed between
May and June 1994. This differed from the variation of w, and corresponded with an increase
for most other physical variables.
In summary, variation of surface w illustrates a similar seasonal signal to that described for Y6
and X6, but a seasonal signal is not evincive in records for other physical parameters.
8.2.5 Comparison of Temporal Variation at Different Stations.
Due to the spatial proximity of stations, it was postulated that some similar seasonal processes
would be involved in the modification of sediment properties. and that this may be manifestated
by similarites between time series. Patterns of variation between sampling times were inspected
with regard to this hypothesis.
Between October and November 1993, all time series for w displayed a reduction of mean values,
excluding surface values for Y6. This was coincident with a decrease of F, for all stations except
C6; an increase of S; at X6 and C6; and an increase of Vp- ratio at all stations, except for bulk
values at Y6. Between November 1993 and May 1994, an increase of H' was observed for all
stations except C6. Concurrent with this alteration was a decrease of F, for all stations excluding
C6; a decrease of Su for all time series, excluding bulk values at X6 and surface values at D6; and
a decrease of Vp- ratio for all records. Between May and June 1994, all time series illustrated a
reduction of w. This was coincident with an increase of F, for Y6 (bulk values), X6 and D6; and
an increase of Su' Vp- ratio and FF for all stations except X6. Between June and September 1994,
H' displayed little alteration, and modification of other physical parameters exhibited no
consistent pattern between stations. Between September 1994 and April 1995, H' displayed an
increase for all stations except C6. This was concurrent with a decrease for all other physical
parameters (particularly near-surface values) at stations Y6 and X6, and a decrease of \'p- ratio
and V, at D6. Between April and May 1995, w generally displayed an increase; this being
particularly evident for sandy stations. Other physical parameters exhibited a reduction during
this period at C6 and X6: and generally little alteration, or an increase, at Y6 and D6.
201
Regarding biological parameters, between November 1993 and ~1ay 1994, time series for TOM
tended to show a reduction, except for surface values at C6. For BN all records illustrated an
increase. Between May and June 1994, TOM exhibited little alteration, except for a decrease of
surface values at C6. All BN records indicated a decrease during this interval: as did CC, LPC
and PC at stations Y6 and X6. CC, LPC and PC displayed little change at C6. CC illustrated a
decrease at D6, whereas PC and LPC increased. Between June and September 1994, TOM
increased at all stations other than 06. A prominent increase of BN was also evident for Y6 and
X6, but was not so for sandy stations. CC increased at Y6, X6, and C6 (surface values), and
decreased at D6. LPC and PC generally exhibited minor alteration, except for a decrease at 06.
Between September 1994 and April 1995 all stations, excluding Y6. displayed a decrease of
TOM. This was concurrent with a decrease of BN for all records, except bulk values at 06. CC
illustrated an increase at Y6, little alteration at X6, and a decrease at C6 and 06. LPC increased
at all stations other than C6. PC increased at all stations. Between April and May 1995 almost
all biological time series displayed an increase, this often being the most prominent feature of
the records.
8.2.6 Temporal Variation of Profile Shape.
As noted in Section 7.5.1. for some parameters depth profiles illustrated a change in the sign of
gradients above and below the 3.75 ern depth-level, and were termed 'inflection profiles'. This
is particularly evident for stations X6, C6 and 06, in the case of most biological parameters
(Figs. 7.11 to 7.15), Vp- ratio (Fig. 7.8), and sand content (Fig. 7.5). Biological parameters often
displayed a rise in value between the surface and 3.75 em, and a reduction with further increase
in depth. Vp-ratio and sand content frequently mirrored this pattern of vertical alteration:
exhibiting a decrease between 1.25 em and 3.75 ern, and an increase with greater depth.
It is obvious that depth-means recorded for different sampling periods did not always give an
inflection profile. Consequently. statistical analysis was performed in order to elucidate
differences between months. For stations X6, C6 and 06, profiles of Vp- ratio, sand content, and
all biological parameters were classified as either inflection or non-inflection profiles. For this
categorization the following criteria was adopted: In the case of biological parameters. an
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Table 8.2 Classification of profiles as 'inflection' (I) or 'non-inflection' (N). for stations X6, C6
and 06. Parameters considered include: compressional wave velocity (Vp- ) ratio, sand content,
total organic matter content (TOM), bacterial numbers (BN). total carbohydrate content (CC),
liquid phase carbohydrate content (LPC), and polysaccharide content (PC).
Parameter Station Sampling Time
May '94 June '94 Sept. '94 April '95 May '95
Vp-ratio X6 I N N N N
C6 I N I I I
06 I N I I I
% Sand X6 I I I N I
Content C6 I I I I I
06 I I I I N
TOM X6 I I I I N
C6 I I I I I
06 I I I I I
BN X6 N N N N N
C6 I I N I N
06 N N N N N
CC X6 I N I N N
C6 I N I I N
06 I I N I I
LPC X6 I N I I N
C6 I N N I N
06 I N I I I
PC X6 I N I I N
C6 I N I I N
D6 I N I I I
inflection profile must display a positive gradient between 1.25 em and J.75 em, and this must
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be the strongest positive gradient throughout the entire profile. For physical parameters the
gradient must be negative. Examination was restricted to the upper 12.5 ern, since this was the
limiting depth for biological measurements. Results of this analysis are given in Table 8.2. for
data collected between May 1994 and May 1995, when all parameters were measured.
With all parameters and stations considered, the Chi-square test indicated that the proportion of
inflection profiles varied significantly between sampling times (P<O.O 1). With stations
considered separately, only X6 and C6 displayed significant differences (P<O.05). Inspection of
Table 8.2 reveals that fewer inflection profiles were measured during June 199..+ and 1\ lay 1995.
This pattern is most strongly evidenced by variation of CC, LPC and PC. Physical parameters
show little indication of this temporal variation, except in the case of Vp - ratio which displayed
non-inflection profiles for June 1994. BN rarely exhibited inflection profiles except for station
C6. TOM and F; gave inflection profiles in almost all cases.
8.2.7 Temporal Variation of Vertical Variability.
In Chapter 7, it was observed that the degree of temporal variability commonly varied with depth.
This section considers temporal variation of the coefficient of vertical variability (CVV), in order
to investigate any time-dependence of the vertical heterogeneity of surficial sediment properties.
Table A3 illustrates CVV values for different sampling times, for the upper 12.5 cm of the bed
(allowing comparison of physical and biological characteristics over the same vertical scale).
Some repeatable patterns were identified.
At station Y6, the vertical variability of physical parameters was highest in April 1995.
Sampling times consistently displaying low variability were less evident. However, in terms of
moisture content and geophysical parameters, sediment tended to be relatively homogenous in
June 1994. CVV values for moisture content provided evidence of a seasonal signal. with
generally higher variability in spring relative to summer and autumn. This concurs with the
pattern of variation described for H' depth-means.
At station Y6. CVV values for TOM displayed a reduction with time from maximum values in
20..+
November 1993 to minimum values in April 1995. Other biological parameters provided
evidence of a seasonal signal, with relatively high variability in spring. For BN, CVV was high
during spring months, and smallest in June 1994. For CC variability was high during spring,
particularly May 1995, and smallest in September 1994. LPC displayed high variability in March
1994 and May 1995, and low variability in September 1994. Vertical variability of PC exhibited
little temporal variation, but values tended to be relatively high during spring.
At station X6, the vertical variability of physical properties tended to be smallest in June 1994.
Some parameters illustrated relatively high diversity in spring, particularly for 1995. For sand
content CVV values were very high in May 1995, when depth-means for the upper 5 ern were
small. For carbonate content and Vp-ratio, CVV was high in April and May 1995. For V\, CVV
displayed little variation, but values were highest in April 1995. For FF, vertical diversity tended
to be greatest for spring months.
At station X6, the most notable feature of most biological records was difference between CVV
for May 1995 and other sampling times: TOM displayed relatively low variability for May 1995,
whereas CC, LPC and PC displayed high variability. The highest depth-means for most
biological parameters were also recorded in May 1995. For BN, vertical diversity was relatively
high in May 1995, but greatest in September 1994. High depth-means were recorded for both
these sampling times.
Fewer repeatable patterns were identified at sandy stations, with regard to temporal variation of
the vertical heterogeneity of sediment properties. At Station C6, CVV for w displayed a
maximum in September 1994, and little variation between other sampling times. This coincided
with high variability of Su' Vertical variability of sand and carbonate content was greatest in June
1994: F; also displayed high values in April 1995. Vs exhibited relatively low diversity in May
1995, when the smallest depth-mean values were recorded. FF displayed relatively high vertical
variability for spring months.
At station C6, TOM exhibited relatively small vertical diversity in May 199). For Bi\: variability
was smallest in November 1993 and April 1995 (when the smallest depth-means were recorded)
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relative to other sampling times. CC, LPC and PC, all exhibited the lowest CVV values for June
1994.
At station D6, W displayed the highest degree of vertical variability for June 1994 and ~lay 1995.
Variability of F, was greatest for October 1993, and little difference was observed between other
times. %Carb and Su both exhibited the highest CVV values for June 1994. Vertical variability
of Vp - ratio was highest in September 1994. V:s and FF displayed little temporal variation of
CVV, but both gave the highest values in April 1995.
At station D6, TOM displayed a relatively high degree of vertical variability in November 1993,
and little variability in September 1994. For BN, CVV was highest in November 1993 and
lowest in April 1995. CC displayed a small degree of vertical diversity in June 1994 and May
1995. LPC and PC exhibited relatively little variability in May and September 1994, when small
depth-mean values were recorded.
Temporal variation of CVV values for CC displayed the highest degree of between-station
similarity. A reduction in vertical variability between May and June 1994 was observed for all
stations. Stations Y6, X6, and C6, all illustrated an increase of CVV between September 1994
to May 1995 when maximum values were recorded.
8.3 Summary and Discussion.
The description of temporal variation given above indicates some consistent patterns of within-
station variation for different sediment properties. As postulated prior to data examination. H'
commonly exhibited patterns of variation indicating negative relationships with sand content and
other physical variables. and positive relationships with biological variables. However, time
series also displayed patterns of variation which differed from those expected, with reference to
these simple bivariate relationships. This suggests a more complex network of controlling
factors than originally suggested.
The observations described in Section 8.2.5. indicate some consistent patterns of temporal
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variation at different stations. This provides evidence of some common. time-varying processes
in operation throughout the study area. The disparities described between different stations are
evidence of additional, site-specific, time-varying controls.
Seasonal variation of physical sediment properties was identified at stations Y6 and X6, and was
consistently observed for different parameters. For both stations moisture content aenerallvb •
exhibited high values during spring, and low values during summer and autumn. Other physical
properties displayed low values during spring and high values in summer and autumn. This
pattern was observed in the w record for 06, but a consistent signal was not identified for
different parameters. Moisture content time series for C6 indicated relatively high values for
autumn, and lower values for spring and summer, but other sediment properties displayed little
evidence for this signal.
The seasonal signal observed in records for muddy stations is probably a function of biological
activity; with greater activity during spring producing beds of relatively low porosity. Textural
variation may also have been a significant control: relatively high proportions of fine-grained
material occured in spring, suggesting higher rates of deposition relative to resuspension.
Alteration of depositional rates was probably influenced by biological activity, and may also have
been controlled by hydrodynamic mechanisms.
The limited evidence for seasonal variation of seabed structure at sandy stations may have been
due to a greater significance of physical mechanisms, and the decreasing effect of biological
processes. Short term 'events' such as storms will have had a greater influence at sandy stations,
and could make the identification of seasonal patterns more difficult, necessitating a longer and
more concentrated time series.
Considering all data, the most salient feature of biological time series was an increase of values
between April and May 1995. This suggests the occurence of a spring bloom, which influenced
the entire study area. During this period, n' generally displayed an increase, which wa-,
particularly evident for sandy stations. This suggests that biological controls of seabed -uucture
can be important at all stations, irrespective of texture. Other physical parameters exhibited
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reduction at C6 and X6, and generally little alteration. or an increase, at Y6 and D6. The large
difference between biological properties measured in May 1994 and May 1995. illustrates
inconsistency in patterns of temporal variation of the benthos. Many years of sampling may be
required in order to gain an accurate picture of a seasonal variation that is primarily biological
10 origm.
Alterations of profile shape indicate that the vertical distribution of some biological sediment
fractions varied as a function of time. This was particularly evident for stations C6 and X6,
which displayed temporal changes in the depth-level at which maximum CC, LPC and PC was
recorded. This depth generally shifted between the sediment surface (1.25 em) and just below
the surface (3.75 ern); giving non-inflection and inflection profiles, respectively. Non-inflection
profiles were more commonly recorded for June 1994 and May 1995, than for other sampling
times. During 1994, CC, LPC and PC depth-means displayed little alteration at C6. At X6
depth-means were relatively small for June. Both X6 and C6 displayed high bulk values for CC,
LPC and PC in May 1995, and surface values were higher than for all other sampling times.
Alteration in the vertical zonation of CC, LPC and PC was probably associated with spring
blooms. At sampling times before or some time after a spring bloom, these biogenic sediment
fractions were concentrated around 3.75 ern. Immediately after a bloom biogenic material would
settle to the sediment surface. Two factors may be involved with an increase of CC, LPC and
PC at the surface: firstly, increasing values would be directly related to the composition of the
deposited material; secondly, values may increase due to the production of carbohydrates by
microorganisms (and other organisms) processing the deposited material. Relatively high
bacterial numbers were recorded at the sediment surface for May 1995. but not for June 1994.
Temporal variation of the vertical distribution of biological material displayed a compositional
dependence: TOM did not illustrate a similar signal to that observed for CC, LPC and PC,
except for X6 in May 1995, when very high surface and bulk values were recorded.
Variation in the distribution of biogenic products (and by inference organism activities) should
be associated with variation in the distribution of physical properties. Vertical distribution of
\'p- ratio (and by inference compressibility and porosity) provided some evidence for this. For
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stations C6 and D6, a greater number of non-inflection profiles were recorded for June 199.+ than
for other sampling times, coinciding with a relatively high proportion of non-inflection profiles
for CC, LPC and PC. Therefore, during June 1994. the lowest values of Vp - ratio and highest
values ofCC, LPC and PC were more commonly found at 1.25 em than at 3.75 em. 0:0 evidence
of a similar interaction was observed for May 1995. For station X6, Vp- ratio generally displayed
non-inflection profiles for all sampling times. However, the lowest Vp- ratio values were
recorded for June 1994 and May 1995, when CC, LPC and PC displayed non-inflection profiles.
At muddy stations, vertical variability of physical properties tended to be most pronounced for
either April or May 1995, when high moisture contents and low sand contents were recorded for
the upper 5 em. Vertical variability was smallest for June 1994. Some evidence of a seasonal
signal was identifed, with higher variability during spring than for summer or autumn. Vertical
variability of biological parameters (particularly CC, LPC and PC) also tended to be highest
during spring months, except in the case of TOM which displayed minimum heterogeneity during
spring 1995. At station X6, CVV displayed a large increase between April and May 1995 for
CC, LPC and PC~ this being congruent with a large increase in vertical heterogeneity of F;
Repeatable patterns were less evident at sandy stations with repect to the temporal variation of
vertical variability. For textural parameters, H', S; and Vp- ratio, maximum heterogeneity tended
to occur during either June or September 1994. V, and FF displayed relatively little variation of
CVV with time, but tended to indicate higher variability for spring months (except for V, at C6).
Jones (1990) gives coefficients of variation for temporal variability of n, FF, V, and %Carb, from
a study of intertidal sands, in which geophysical properties were measured in situ. Coefficients
for this study (CTV values) are presented in Table A2. 11 was calculated from w. and gave a
mean CTV value of 4.7<7r, which is similar to the mean given by Jones (.+<;;-). For FF. coefficients
of temporal variation were smaller than that given by Jones (l3.'+0(): whereas for V,. CTV tended
to be higher than that given by Jones (IO<7r). CTV for <7rCarb was always much higher than the
value given by Jones (8.2%). High CTV for this study was probably due to the patchy
distribution of shell laminae, rather than a signal of temporal variability (see Section 7.5).
209
CHAPTER 9.
Lateral Variability of Sediment Properties.
9.1 Introduction.
The previous results chapters have dealt with two major sources of localized (i.e. within-station)
variability of sediment properties: vertical variation and temporal variation. Variability will also
result due to lateral distance between sampling points. Lateral variability is divided into large-
and small- scale. Large-scale lateral (or regional) variability represents the diversity between
stations, and therefore corresponds to variability over scales of hundreds of metres to kilometres.
Small-scale lateral variability represents a major component of the error associated with depth-
mean values, corresponding to differences between cores collected from the same station during
the same sampling period (see Section 6.5); it relates to variability over scales of centimetres to
metres. This chapter is primarily concerned with large-scale lateral variability. Small-scale
lateral variability is considered through an analysis of depth-mean error values.
9.2 Large-Scale Lateral Variability.
From the grain size and bathymetric data presented in Chapter 2, it was observed that the lateral
distance between stations was contingent with variation in surficial sediment texture and water
depth. It was hypothesized that this alteration would be accompanied by variation in the relative
magnitudes and types of physical and biological sediment reworking. Assuming that structural
properties of the seabed are dependent upon the localized hydrodynamic, sedimentological and
biological regimes, and that the physical parameters measured are related to sediment structure,
it was hypothesized that differences between stations would be clearly discernible. Differences
between stations were investigated with respect to both station-means, and the distributions of
depth-mean values about the station-means; since different amplitudes of temporal and vertical
variation of sediment properties will be associated with different localized regimes.
In previous sections, coefficients of vertical variation (CVV) and coefficients of temporal
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variation (CTV) have been employed for descriptive purposes. At this stage, introduction of
another three types of coefficient of variation is required:
6. The coefficient of localized variation (CLV). This is a measure of total within-station
variability, incorporating depth-means for all sampling times and depths (or for sampling
times and depth ranges limited so as to provide a consistent amount of time and depth
variation for different stations).
7. The coefficient of regional variation (CRV). This represents the degree of between-
station variability for a particular sampling time and depth.
8. The coefficient of total variation (CAV). This provides a measure of the total variability
of each parameter, incorporating all depth-means for every station.
9.2.1 Preliminary Investigations of Between-StationVariability.
Three preliminary cruises were conducted during which midicores were taken from the study area
for physical characterization (see Section 6.2). This work included assessment of the variation
of Vp - ratio and textural parameters along an east-west (roughly shore-normal) transect, and a
north-south (roughly shore-parallel) transect; and assessment of the variation of lip - ratio and
vane shear strength in a muddy area of the sampling grid (along lines X and Y). Details of the
vertical variation of sediment properties has been presented in Section 7.2; this section considers
between-station variation. It should be noted that, due to a lack of values, the significance of
between-station variability could not always be tested.
Shore-normal transect.
Figure 9.1 illustrates variation of sediment properties along the shore-normal transect: giving the
mean and range of values for the upper 15 em of the bed (the depth range for which values were
obtained at all stations). With distance onshore (from station 86 to 06) sediment became
coarser. and lfl,Carb and Vp- ratio increased. Inspection of mean values indicates that, in the case
of mean grain diameter and sand content, station C6 was more similar to station 06 than to 86.
This is further evidenced hy the lengths of recovered cores (and hence the penetration resistance
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Fig. 9.1 Variation of sediment properties along shore-normal transect.
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of the bed): 21 to 23 ern for stations C6 and D6, and 28 and 36 em for B6. However, mean
%Carb values indicated a closer association between C6 and B6. Variation of mean Vp- ratio
illustrated a linear increase with distance onshore (,-2= 1).
Variability within each station (i.e. coefficients of vertical variation) exhibited alteration with
distance onshore (Table 9.1): variability displayed an onshore increase for sand and carbonate
content, and a decrease for Vp- ratio and mean grain diameter.
Table 9.1. Percentage coefficients of vertical variation for sand content. carbonate content,
compressional wave velocity (Vp- ) ratio, and mean grain diameter (<t>), along shore-normal and
shore-parallel transects.
Property Shore-Normal Transect Shore-Parallel Transect
B6 C6 D6 C6 C8 C10
Sand 2.54 2.82 3.35 3.80 2.57 22.5
Carbonate 21.4 43.6 57.6 67.2 19.2 16.0
Vp- ratio 1.74 0.94 0.61 1.77 1.80 1.6-1-
Mean <t> 8.06 4.80 3.37
Shore-Parallel Transect.
Figure 9.2 illustrates variation of sediment properties along the shore-parallel transect; giving the
mean and range of values for the upper 20 em of the bed (the depth range for which values were
obtained at all stations). With distance to the south (from station C6 to C 10) sediment became
finer and %Carb and V - ratio decreased. Considering mean values, stations C6 and C8 were
, p
relatively similar in terms of Vp-ratio, whereas stations C8 and C 10 were relatively similar in
terms of texture.
With regard to CVV values (Table 9.1), localized variability of sand content was much higher
for station C 10 than for C6 or C8; variability of 7cCarb was much higher for C6 than for other
stations: and variability of \'p-ratio was relatively similar for different stations.
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Fig. 9.2 Variation of sediment properties along shore-parallel transect
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Assessment was made of the relative amplitude of between-station variability for the shore-
normal and shore-parallel transects. This was considered important since it was postulated that
the transect employed for the main sampling programme should incorporate a relatively high
degree of variability. Coefficients of variation were calculated using mean values for the upper
15 ern of the bed (Table 9.2). Between-station variability was greater for the shore-normal
transect than for the shore-parallel transect; although the distance between stations was greater
for the later. On these grounds, a shore-normal transect was considered most preferable for the
main sampling programme.
Table 9.2. Coefficients of between-station variation along shore-normal and shore-parallel
transects.
Parameter Shore-Normal Transect Shore-Parallel Transect
Sand Content 2.66 1.52
Carbonate Content 7.03 3.79
P-Wave Velocity Ratio 26.8 7.85
Muddv Stations.
As discussed in Chapter 2, the two most offshore survey lines (Y and X) were a late addition to
the sampling grid. Prior to implementation of the definitive sampling strategy, an assessment of
the physical characteristics of sediment in this area was considered necessary. Figures 9.3 and
9.4 illustrate the lateral variation of surface and bulk values of Vp- ratio and Su, respectively.
Surface values correspond to the upper 5 ern of the bed; bulk values are means for the upper 20
ern of the bed.
For Vp-- ratio (Fig. 9.3), values recorded for lines Y and X were almost everywhere lower than
those reported for the shore-normal or shore-parallel transects. Both surface and bulk values
displayed a decrease form the north-east to the south and south-west. Bulk Vp- ratio illustrated
minimum values in the mid-south, and slightly higher values in the far south. For S; (Fig. 9"+),
surface values were relatively small in the north and higher in the south. Bulk 511, however.
displayed high values in the north and south, and 10\\' values around the centre of the survey area.
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Table 9.3 lists coefficients of vertical variation for Vp- ratio and S; recorded along lines Y and
X. In terms of Vp-ratio, sediment was relatively homogenous at stations Y8 and XI0 (towards
the south of the survey area). For Su' within-station variability was higher in the north relative
to the south. This variation in the degree of vertical variability of S; explains how surface values
were relatively low in the north, although bulk values were relatively high.
Table 9.3. Coefficients of vertical variation for compressional wave velocity ratio (Vp- ratio) and
vane shear strength (Su) at muddy stations.
Station Vp-ratio Su Station Vp-ratio Su
Y2 1.82 66.3 X2 0.95 52.6
Y4 1.37 58.4 X4 1.25 57.7
Y6 1.06 64.7 X6 0.92 51.1
Y8 0.70 27.3 X8 0.97 30.8
YIO 1.12 42.0 X10 0.37 29.4
Differences in the patterns of lateral variation of surface and bulk shear strength suggest that
between-station variability was a function of depth. Table 9.4 illustrates the depth variation of
coefficients of regional variation, for Vp- ratio and Su' For Vp- ratio. CRV displayed relatively
little vertical alteration; values increased between the surface and 12.5 em level. For S,; CRY
was greatest for the surface and displayed a decrease with depth.
Table 9.4. Variation of % coefficients of regional variation with depth for muddy stations. for
compressional wave velocity ratio (Vp-ratio) and vane shear strength.
Mid-Point Depth. em Vp-ratio Vane Shear Strength
2.5 2.31 45.1
7.5 2.76 26.3
1~.5 2.87 21.1
17.5 2.~-l 17.7
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9.2.2 Variation of Sediment Properties Between Primary Stations.
In this section, the variation of sediment properties between primary stations is considered with
regard to differences between station-means, and the distribution of depth-means around the
station-mean (particularly differences between coefficients of localized variation). This is
followed by an examination of the vertical and temporal variation of regional variability.
As described in Section 6.2, primary stations (Y6, X6, C6 and D6) were positioned along an east-
west transect (see Fig. 2.3) with a total length of 2.5 nautical miles (..J.630m). Figure 9.5
illustrates the variation of all measured properties along the transect with large inner bars
representing 95% confidence intervals for the station-mean, and outer bars indicating the total
range of depth-mean values. 500 m intervals separate grid lines along the X-axis. Coefficients
of localized variation are presented in Figure 9.6 (along with CRV values for later comparison).
Figure 9.5 considers all recorded values for each station (i.e. the total data sets). In analysis of
variance, only depth-means for which a corresponding depth-mean existed at every station were
used, giving a constant N value (i.e. for all stations the same amount of variation of depth and
time was considered).
Figures 9.5 and 9.6 are supplemented by Table A4, which gives values for the means, standard
deviations (SD), and total numbers of depth-means (N), for each primary station and for all data
combined. Also given are coefficients of localized and total variation. Table A4 gives values
for statistics computed using both the total data sets and constant N data sets. Variation of the
mean or standard deviation was negligible, except in the case of shear wave velocity which
illustrated reduced values for Y6 and X6 when constant N data sets were considered. This bears
no significance to general observations concerning between-station variation.
In previous chapters it has been revealed that stations were grouped into two classes: 'muddy'
(Y6 and X6) and 'sandy' (C6 and D6). This grouping was initially considered appropriate due
to the spacing between stations (0.5 miles separated stations within muddy and sandy areas. and
1.5 miles separated each area), variation in surficial sediment texture. and a small amount of
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Fig. 9.5 Variation of sediment properties between primary stations.
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Fig. 9.6 Coefficients of regional and localized variation
for all measured parameters.
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evidence from preliminary testing (see Section 9.2). With a consideration of all collected data.
the relevance of this grouping is assessed later in this section.
9.2.2.1 Variation of Station-Means.
Examining station-mean values (Fig. 9.5 and Table A4), gradients in physical properties were
apparent with distance onshore, from station Y6 to 06. Sediment texture in terms of sand
content illustrated a coarsening, from sandy muds at Y6, through muddy sands at X6. to sands
at 06. This was mirrored by a reduction in moisture content. Shear strength and all geophysical
parameters increased with distance onshore. Carbonate content showed no increase between Y6
and X6, but was greater for sandy stations than for muddy stations.
With all stations included, analysis of variance indicated highly significant differences (P<O.OO I)
for all physical properties (Table 9.5). Inspection of Figure 9.5 indicates obvious contrast
between sandy and muddy stations, however, for some parameters similarity within muddy and
sandy areas is evincive. Analysis of variance affirmed highly significant differences between Y6
and X6, and between C6 and 06, for W, F s' and Vp- ratio. All parameters displayed significant
differences between stations Y6 and X6, but results were less significant for lj(Carb and
parameters related to properties of the mineral framework (Su and VJ. Variation of Su' Vs and
FF was found to be insignificant between stations C6 and 06. In summary, each station was
significantly different to all other stations (P<O.05) in terms of measured values for all physical
parameters, except Su' V
s
and FF, which showed no significant difference between sandy stations.
Regarding biological parameters, station-means displayed a decrease with distance onshore for
TOM, CC, LPC and PC (Figure 9.5, Table A4). For BN this trend was less well defined, but
values were clearly higher for muddy stations relative to sandy stations. Analysis of variance,
confirmed that variation between stations was highly significant (P<O.OO I) for all parameters,
when all stations were considered. With muddy or sandy stations considered separately,
between-station differences were insignificant for BN, and only significant at the P<O.05 level
for LPC. Furthermore, for TOM, variation between stations C6 and 06 was insignificant.
Taking the actual numbers of bacteria (rather than log numbers), X6 ga\'e a station-mean
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approximately 30% greater than that found at Y6 (although not significantly different). and mean
values for muddy stations were almost one order of magnitude greater than those for sandy
stations.
Table 9.5. Results of significance testing for differences between primary stations. Testing was
performed with all stations included, and for differences between stations Y6 and X6 and
between stations C6 and D6. Between-station variation was considered to be significant for
P<0.05. Insignificant results are highlighted by *. Values of 0.000 correspond to P<O.OOI.
Parameter Stations
All Y6&X6 C6& D6
Moisture Content 0.000 0.000 0.000
Sand Content 0.000 0.000 0.000
Carbonate Content 0.000 0.018 0.007
Vane Shear Strength 0.000 0.011 0.234*
Vp-ratio 0.000 0.000 0.000
Shear Wave Velocity 0.000 0.009 0.102*
Formation Factor 0.000 0.000 0.075*
Total Organic Matter 0.000 0.000 0.332*
Log Bacterial Numbers 0.000 0.645* 0.620*
Total Carbohydrate Content 0.000 0.000 0.000
Liquid-Phase Carbohydrate Cont. 0.000 0.047 0.020
Polysaccharide Content 0.000 0.001 0.000
9.2.2.2 Variation of the Distribution of Depth-Means.
The distribution of depth-means around the station-mean is pursued below. in order to further
characterize contrast between stations. This involved analysis of homoscedasticity. testing for
normality. and. most importantly, assessment of between-station variation of total localized
variability.
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Homogeneity of variance was assessed for three combinations of data: all stations included, and
muddy and sandy areas considered separately (Table 9.6). Considering physical parameters,
variance was always significantly inhomogeneous when all stations were included in analysis.
For muddy stations variance was not significantly different for sand content or V,. For sandy
stations variance was not significantly different for shear strength and geophysical parameters.
For biological parameters, variance was significantly inhomogeneous for CC and BN. when all
stations were incorporated in analysis. No significant differences were identified when textural
zones were treated separately.
Table 9.6. Results of Lavene's test for homogeneity of variance for all measured parameters.
Testing was performed with all stations included, and for stations Y6 and X6 and stations C6 and
D6 considered separately. Variance was considered to be significantly different for P<0.05.
Insignificant results are highlighted by *. Values of 0.000 correspond to P<O.OO 1.
Parameter Stations
All Y6&X6 C6& D6
Moisture Content 0.000 0.000 0.000
Sand Content 0.011 0.623* 0.027
Carbonate Content 0.000 0.000 0.000
Vane Shear Strength 0.000 0.002 0.333*
V - ratio 0.000 0.000 0.302*p
Shear Wave Velocity 0.000 0.598* 0.056*
Formation Factor 0.000 0.000 0.849*
Total Organic Matter 0.073* 0.286* 0.732*
Lot!- Bacterial Numbers 0.024 0.634* 0.514*
Total Carbohydrate Content 0.003 0.114* 0.756*
Liquid-Phase Carbohydrate Cont. 0.631* 0.624* 0.450*
Polvsaccharide Content 0.332* 0.806* 0.602*
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Table 9.7. Results of Anderson-Darling test of normality for all measured parameters. A
distribution is considered to be significantly non-normal for P<0.05. Significant results are
highlighted by *. Values of 0.000 correspond to P<O.OOI.
Parameter Station
Y6 X6 C6 D6
Moisture Content 0.000* 0.004* 0.002* 0.021*
Sand Content 0.166 0.000* 0.001* 0.948
Carbonate Content 0.085 0.495 0.000* 0.000*
Vane Shear Strength 0.364 0.032* 0.000* 0.000*
Vp-ratio 0.296 0.179 0.181 0.91'+
Shear Wave Velocity 0.477 0.638 0.487 0.1.3'+
Formation Factor 0.035* 0.070 0.157 0.7'+5
Total Organic Matter 0.116 0.059 0.182 0.119
Log Bacterial Numbers 0.457 0.003* 0.063 0.42.+
Total Carbohydrate Content 0.000* 0.091 0.791 0.167
Liquid-Phase Carbohydrate 0.012* 0.016* 0.075 0.076
Polysaccharide Content 0.045* 0.483 0.514 0.670
Table 9.7 illustrates the results of testing for the normality of distributions. Where non-normal
behaviour was identified consideration was given to possible causes, in terms of skewness,
kurtosis and multimodality. All distributions were sigificantly non-normal for moisture content,
and were leptokurtic and positively skewed; with station Y6 having a much larger positive skew
than other stations. Values for station X6 had a bimodal distribution, with modes at
approximately .350/0 and 450/0. The distribution of sand content values was significantly non-
normal for stations X6 and C6. Both distributions were leptokurtic, and X6 exhibited negative
skewness, whereas C6 exhibited positive skewness. For carbonate content distributions were
non-normal for sandy stations, revealing leptokurtosis and positive skewness. For S; all
distributions were non-normal: X6 had a bimodal distribution with modes at approximately I
kPa and .3 kPa; other distributions possessed a positive skew. for \', and \ 'p - ratio, no distribution
was significantly non-normal. The distribution for \ 'p - ratio at X6, however. displayed
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bimodality, with modes at approximately 1.06 and 1.09. The distribution of FF values was
significantly non-normal only for station Y6, which displayed negative skewness.
Regarding biological parameters, some significantly non-normal distributions were identified for
muddy stations: at Y6, CC, LPC and PC all displayed non-normal. positively skewed
distributions; at X6, LPC displayed a non-normal, positively skewed distribution. and BN
revealed bimodality, with modes at approximately 3.5 and 5.0. No distribution was significantly
non-normal for either sandy station. However, when actual bacterial numbers (rather than log
numbers) were considered, all distributions were non-normal, exhibiting positive skewness.
Coefficients of localized variation are presented in Figure 9.6 and Table A4. For H' variability
was greatest for station Y6 and smallest for D6. Little contrast was identified between stations
X6, C6 and D6. In terms of F\, station Y6 displayed much larger variability than any other
station; giving a value approximately twice as large as that for X6, and four times the magnitude
of that recorded for C6 and D6. For carbonate content variability was larger for sandy stations
than for muddy stations; with D6 exhibiting the largest magnitude of diversity, and X6 the
smallest. Localized variability of S; and V~ was larger for sandy stations than for muddy stations,
although the contrast was relatively small. For both variables, Station X6 displayed the smallest
degree of diversity. Within-station variability of Vp- ratio and FF exhibited an onshore increase
from station Y6 to station C6, and was smaller for D6 relative to C6.
Regarding biological variables, between-station variation of CLV was relatively small, except
in the case of BN. TOM, LPC and PC exhibited a general trend of increasing localized
variability with distance shoreward. CC was most variable at Y6 and 06, and least variable at
C6. Localized variability of BN was higher for muddy stations than for sandy stations; being
greatest at X6, and smallest at 06.
9.2.2.3 Variation of Regional Variability.
Coefficients of variation for between-station variability were calculated for every depth-level and
sampling time (CRV values). This provided an assessment of large-scale lateral v.uiability with
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vertical and temporal variability excluded, allowing an investigation of the dependence of
between-station diversity on depth and time. Table 9.8 illustrates mean CRY values. together
with the standard deviation and total number of calculated values; coefficients of total variation
(i.e with all data considered) are provided for later comparison (Chapter 10).
Table 9.8. Coefficients of regional variation (CRV) and coefficients of total variation for all
measured parameters. For CRY the mean, standard deviation (SO) and number (N) of calculated
values is given.
Sediment Parameter Coefficient of Coefficient of Regional Variation
Total Variation Mean SO N
Moisture Content 53.7 53.9 12.J 95
Sand Content 36.3 40.2 7.0 48
Carbonate Content 78.2 45.0 30.8 41
Vane Shear Strength 93.7 66.6 20.0 47
P-Wave Velocity Ratio 5.41 5.89 0.73 49
Shear Wave Velocity 89.5 72.7 13.6 20
Formation Factor 40.3 28.7 4.5 35
Organic Matter Content 44.8 46.8 11.2 30
Log Bacterial Number 13.5 9.8 4A 30
Carbohydrate Content 56.2 68.2 17.1 25
Liquid Phase Carbohydrate 30.6 ,- 8 9.3 ,--). -)
Polysaccharide Content 34.7 31.9 10.9 25
Vertical Variation of CRV.
The large-scale lateral variability of sediment properties displayed some patterns of depth
variation. CRY for H', F, and S; tended to be greatest for near-surface sediment. whereas CRY
for ere 'arb and geophysical parameters exhibited an increase with depth. For moisture content
coefficients of regional variation were higher for the upper: ern (65.1±21.9("1r) relative to those
measured between 2 ern and 20 ern (53.4±2ACJr). For sand content. CRY tended to he greater
221
for the upper 5 em (45.1+5.4%) in comparison to CRY measured below 5 em (38.3+6.39C). For
carbonate content, CRY increased with depth, from 22.4±14% at the surface to a maximum of
57.8+ 17.9% at the 11.25 cm and 13.75 em levels. CRY for Su, was higher for the uppermost
depth-level (80.5+16.9%) than for levels at greater depth (64.2+5.99C). In the case of \'p-ratio,
CRY values were generally smaller for the upper 10 em (5.49+0.25%) relative to values within
the 10 ern to 20 em depth range (6.39+0.19%). CRY values for V, increased with depth, from
means of 56.5+5.1 % at the surface to 83.8+4.4% between 11 em and 21 em. FF exhibited an
increase of CRY with depth, from 23.4±4.9% at the surface to 32.1+7.09'. at 17 em.
Considering biological parameters, TOM, CC, LPC and PC all displayed a similar pattern of
depth variation of CRY: values were relatively high at the surface, smallest at the 3.75 em level,
and exhibited an increase between 3.75 ern and 11.25 em. BN displayed little depth variation of
CRY.
Temporal Variation of CRV.
Table A5 illustrates the means and standard deviations for CRY values calculated for every
sampling time. For all physical parameters, excluding %Carb and V" CRY values were greatest
in May 1995, and tended to be relatively high in April 1995. For %Carb, CRY was relatively
high in May 1995, but highest in November 1993. For V" CRY values displayed little temporal
variation.
For biological parameters, differences between stations were smallest during June 1994. For
TOM, CRY was highest in April 1995, and relatively high in May 1995. For BN, regional
variability was relatively high in September 1994 and May 1995. For CC and LPC, CRY values
were relatively high during spring 1995.
9.2.2.4 Physical Validation for Grouping of Muddy and Sandy Stations.
Hitherto, the grouping of muddy and sandy stations has been accepted with little rationalization.
although it is of obvious lISC for descriptive purposes. Regard to the above obscrv.u Ions affirms
the grouping of stations C6 and D6, since a number of parameters displayed insignificant
differences in terms of mean values and variances. Grouping of Y6 and X6 is less well
substantiated. From Figure 9.5, it is clear that station Y6 differed widely from other stations, and
in some respects it can be considered as an 'outlier'. The physical properties of station X6 lay
somewhere between those of Y6 and C6.
From a comparison of mean values, the degree of association between X6 and Y6, and X6 and
C6, was only slightly closer for the former pairing with respect to Vp- ratio and FF. For sand
content, and moisture content in particular, X6 was more closely related to C6. However, in
terms of carbonate content, and parameters associated with strength properties of the mineral
framework (Su and VJ, X6 had a much stronger relationship with Y6 than with the sandier
station.
Scatter plots of S; and ~\' versus sand and moisture content are given in Figures 9.7 to 9.10. The
relatively close association of C6 and D6 in terms of all four variables is clearly apparent. The
close association of Y6 and X6 in terms of strength properties of frame can also be observed, as
can the disparity in terms of sand and moisture contents. Grouping of Y6 and X6 was, therefore,
justified on the basis of frame related properties, although differences between individual stations
were borne in mind throughout analysis.
Differences between mean values for physical parameters at stations C6 and X6, indicate that
relatively small alteration of the basic sediment properties of texture and porosity can be
coincident with much larger alteration in terms of shear strength and rigidity. Between C6 and
X6. a reduction in sand content of 27% and an associated porosity increase of 25(/(. was
coincident with a 61% reduction in S a 64% reduction in V. and an 88* reduction in dynamicu' s
rigidity. For comparison, a reduction in sand content of "+7% between X6 and Y6. with an
associated porosity increase of 26%. was coincident with a 327(' reduction in S\I' a 25£7(' reduction
in V,. and a 50% reduction in rigidity. These statistics, along with Figures 9.7 to 9.10. indicate
that shear strength and rigidity have non-linear relationships with basic sediment properties.
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Fig. 9.7 Shear strength versus sand content, all data.
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Fig. 9.8 Shear wave velocity versus sand content, all data.
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Fig. 9.9 Shear strength versus moisture content, all data.
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Fig. 9.10 Shear wave velocity versus moisture content, all data.
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9.3 Small-Scale Lateral Variability.
Errors for depth-mean values (DME) were calculated for all parameters for which replicate core
samples had been collected. This included all biological parameters, all geophysical parameters.
and Su (see Chapter 6). For all primary stations, means and standard deviations for DME values
have been presented in Table 6.2. Depth-mean errors will incorporate experimental error and
small-scale lateral heterogeneity. In this section DME values are employed as measures of small-
scale lateral diversity, and regional, spatial and temporal variation is examined.
While sediment depths, sampling times, and station positions can be accurately defined. there is
a degree of uncertainty regarding the lateral distance between sampling points during any
particular set of midicore deployments. This translates into uncertainty over the length scales
incorporated in estimates of small-scale lateral variability. If cores are all taken from a single
deployment of the midicorer, the relative distance between cores is known, and between-core
differences will correspond to lateral heterogeneity over em length scales. This, however, was
rarely the case, and cores were generally procured from different midicore deployments, which
could be separated by up to 20 m.
Examination of DME values did indicate some signals of regional variation with regard to
amplitudes of small-scale lateral variability. Considering physical parameters, station C6
displayed the highest DME values for S; and V\, whereas D6 exhibited the highest values for
V
p
- ratio and FF. Station D6 displayed the highest DME values for all biological parameters.
However, values for TOM, LPC and PC were relatively similar for different stations.
For cores collected during the preliminary examination of muddy stations, errors for S; displayed
a significant variation with depth: mean error for the upper 5 em (56"+±~2.1 o/c) was larger than
mean errors measured between 5 em and 20 em (22.2+6.7c/o). It should be noted that in this
instance sampling at each station was accomplished from a single deployment of the midicorer.
Considering the main sampling programme, small-scale lateral variability of physical parameters
did not display any repeatable patterns in terms of variation with depth or time.
Considering biological parameters, some significant vertical and temporal variation of DME
values was identified. Regarding vertical variation, TOM depth-means for all stations exhibited
larger errors at the 11.25 em level than for other depths; although significant variation was only
identified for Y6 and D6. Regarding temporal variation, BN depth-means for all stations
displayed significantly larger errors for May 1995 in relation to other sampling times: errors
were 160% to 360% larger than the mean for other dates, with the difference being most dramatic
at station D6. Furthermore, for station D6, errors for CC were largest in May 1995. and errors
for LPC and PC were larger during April and May 1995, than for other sampling times.
9.4 Summary and Discussion.
Results of preliminary investigations, indicated that sediment became coarser and Vp- ratio
increased with distance from west to east, and south to north. Variability along an east-west
(approximately shore-normal) transect was greater than variability along a north-south
(approximately shore-parallel) transect. This coincides with an alteration in bathymetry; with
water depth decreasing towards the east (Fig. 2.2). For muddy stations (lines Y and X), S;
displayed relatively high values in the south (particularly for near-surface sediment). This may
have been associated with high surficial carbonate content (see Fig. 2.9).
Results from the main sampling programme, affirmed a coarsening of sediment with distance
onshore: from sandy muds at Y6, through muddy sands at X6, to sands at D6. This was
concurrent with decreasing moisture content; an increase of %Carb, Su' and geophysical
parameters; and a decrease of all biological parameters. For most parameters, each station was
significantly different to all other stations. In terms of physical parameters, this was not so with
regard to V, , Su ' and FF, which displayed no significant alteration between sandy stations. In
terms of biological parameters, this was not the case with respect to BN, which exhibited no
significant difference between stations within either textural zone, or TOM, which revealed no
significant variation between sandy stations.
For physical parameters, variance was significantly inhomogeneous when all stations were
considered. Between muddy stations, variance was not significantly heterogeneous for F, and
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V\; between sandy stations, variance was not significantly heterogeneous for Su and geophysical
parameters. Considering biological parameters, muddy stations displayed larger variance than
sandy stations for BN and CC. In all other cases variance was not significantly heterogeneous.
In general, within-station distributions of depth-mean values were non-normal for w. F,. %Carb
and Su' and were not significantly non-normal for geophysical variables. Regarding biological
parameters, some significantly non-normal distributions were identified at stations Y6 (CC, LPC.
and PC) and X6 (BNand LPC), but not at sandy stations. Non-normal behaviour could generally
be explained by positive skewness, or bimodality in the case of station X6.
Considering localized variability, similar patterns of between-station variation were found for
F, and w, FF and Vp-ratio, and Su and v.s' This suggests relationships between sediment texture
and moisture content; between geophysical parameters strongly dependent on properties of the
pore-fluid matrix; and between geophysical parameters contingent on properties of the mineral
framework. For F; and w, CLV illustrated a decrease with distance onshore, and values for Y6
were much higher than for other stations. For FF and Vp- ratio, CLV exhibited an onshore
increase between stations Y6 and C6. For %Carb, S; and V\, CLV was larger for sandy stations
relative to muddy stations, and station X6 illustrated the smallest degree of variability.
For biological parameters, localized variability displayed little between-station variation. except
in the case of BN; this concurring with the limited degree of dissimilarity in terms of variance.
TOM. LPC and PC tended to display an increase of CLV with distance onshore (coinciding with
a decrease in station-mean values), whereas CLV for BN was greater at muddy stations than at
sandy stations.
The assessment of between-station variation of within-station variability has, hitherto. neglected
to consider the origins of localized variability: i.e. was localized variability principally due to
variation of properties in time. or variation of properties with depth? This will be covered in the
comparison of variabilities given in Chapter 10.
Richardson (1986), from a studv of surficial sediment cores, provides values of localized
variability for Vp - ratio, at eight shallow water site", covering a range of sediment textures.
Variability was found to be highest in shelly sands and lowest in fine-grained deposits, which is
consistent with the results of this study. Richardson (1986) gives coefficients of variation in the
range of 0.31 % to 1.19%; these are smaller than those recorded for all primary stations. excluding
Y6. The Richardson study did not incorporate temporal variability, and variability was primarily
due to depth variation of Vp- ratio. The inclusion of temporal variability in this study, however,
did not account for the disparity in coefficients of variation: CVV was similar to CLV, i.e.
variability was similar when temporal variation was excluded.
Hamilton and Bachmann (1982), in a study of continental shelf and slope surficial sediment,
defined nine sediment classes. Within each class, coefficients of variation for Vp- ratio were in
the range of 0.7% to 3.20/0, which is inclusive of the range of values encountered in this study.
Briggs et al (1985) have shown that vertical variation of sediment texture can account for
relatively high variability of Vp- ratio; giving mean CV= 1.670/0 for turbidite deposits.
11 was calculated from H', and gave coefficients of localized variation ranging from 8.1 % to
10.1 %, with little variation between stations. This compares to ranges of 1.57(' to 7.3('/(', given
by Richardson (1986); 5% to 13.80/0, given by Hamilton and Bachmann ( 1982); and 2.8% to
9.80/0 given by Briggs et al (1985).
An examination of coefficients of regional variability, indicated that between-station variation
of depth-mean values varied as a function of depth and time. This was due to site-specific
patterns and amplitudes, of the vertical and temporal variation of sediment properties.
Depth variation of regional variability revealed high near-surface values for no, F, and Suo For
U', this was linked with high near-surface depth-means at station Y6. For F, and Su' high near-
surface CRY was associated with low depth-mean values at muddy stations. For %Carb,
\! _ratio V and FF recional variability tended to increase with depth. In the case of 7('Carb,
p , s' ' b
high CRY values were calculated for the 11.25 ern and 13.75 ern depth levels. This coincided
with the depth range in which some very high carbonate contents were recorded at sandy stations.
indicating the existence of shell laminae (Section 7.5.4). For Vp-ratio, \',. and FF, the depth
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increase of CRY was a result of contrasting depth gradients: geophysical parameters tended to
display stronger positive gradients for sandy stations than for muddy stations.
Considering biological variables, CRY displayed similar patterns of depth dependence for TO~L
CC, LPC, and PC: values were smallest at 3.75 cm, and displayed an increase between 3.75 ern
and 11.25 ern. This was associated with the existence of inflection profiles (see Section 7.5).
Inflection profiles were identified for stations X6, C6 and D6, but were less evident at Y6. Since
inflection profiles exhibited high depth-mean values at the 3.75 em level, this resulted in reduced
dissimilarity between station Y6 and other stations. The increase of CRY between 3.75 ern and
11.25 ern, was associated with a relatively strong depth reduction of biological parameters at
sandy stations, and a greater degree of vertical homogeneity at station Y6.
For physical and biological parameters, temporal variation of CRY indicated high regional
variability in spring 1995, particularly for May. Differences in sediment properties between this
and other sampling times were observed at all stations; in particular, H' and biological parameters
tended to be high, and F; tended to be low (see Chapter 8). The degree of temporal dissimilarity.
however, was greater at muddy stations relative to sandy stations, resulting in a higher degree of
difference between stations.
For biological parameters, CRY was smallest in June 1994. This was a result of small depth-
means at muddy stations; with values commonly being the smallest for the entire time series.
Since minima were less evident at sandy stations, between-station heterogeneity was reduced.
For BN. CRY was high in September 1994, as well as spring 1995. In September, relatively high
depth-mean values were recorded at muddy stations (particularly X6). Local maxima were not
observed for sandy stations at this time, resulting in a high level of regional variability.
The grouping of sandy stations (C6 and D6), on the basis of physical properties, was obviously
valid due to insignificant variation for a number of parameters. Grouping of muddy stations (Y6
and X6) was less well substantiated: physical properties for station X6 lay somewhere between
those or C6 and those of Y6. The grouping was considered appropriate since, for parameters
related to properties of the mineral framework (Su and \'J station X6 wa- much more similar to
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Y6 than to C6.
Differences between C6 and X6 indicate that, for unconsolidated sediments under low confining
pressure, transition from a high strength / rigidity mineral framework to a low strength / rigidity
framework may occur over a narrow range of sand contents. A reduction of mean F, from 83.8lJc
to 60.6% coincided with a reduction in mean Vs from 46.8 ms' to 16.6 ms'. Both F, values are
in the range associated with muddy sands. However, the higher V, value coincides with
published velocities for core measurements in sands, whereas the lower F, value coincides with
published velocities for muds (Barbegelata et al, 1991). This may be explained by a conceptual
model of muddy sand bed structure: At higher sand contents fine-grained material is
incorporated within the interstices of the rigid sand matrix; at lower sand contents fines begin
to occur at intergranular contacts between sand grains, thus disrupting the sand matrix.
Inspection of depth-mean errors suggested regional variation in levels of small-scale lateral
heterogeneity. DME values for S; and ~s were highest at C6, whereas values for Vp- ratio, FF and
biological parameters tended to be highest at D6.
For the main sampling programme, physical parameters displayed no consistent patterns of
vertical or temporal variation of DME. However, a preliminary investigation of muddy stations
(l ines Y and X) indicated a relatively high degree of small-scale lateral variability of shear
strength in the upper 5 em of the bed, relative to measurements in deeper sediment. This
suggests a more heterogenous fabric for near-surface sediment, where biological reworking is
most prolific.
Variation of DME values indicated that small-scale lateral variability of biological parameters
can be dependent upon depth and time. For TOM, DME values tended to be largest for the 11.25
em level. This was probably due to a high degree of biological activity in near-surface sediment.
and less frequent burrowing into more deeply buried sediment. Mitchell (199J) identified sparse
populations of some large crustaceans which can burrow to depths of up to a few decimetres (sec
Chapter 2). It has been proposed that high values for biological depth-means during spring 1995
were associated with a spring bloom. The high degree of small-scale lateral heterogeneity for
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this period (particularly May), with regard to BN for all stations, and CC, LPC and PC for station
D6, indicates a higher degree of patchiness when the bed is more biologically active. This may
have been due to lateral variation in the nature or quantity of deposited material, or variation in
levels of reworking of this material.
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CHAPTER 10.
Synthesis: Comparison of Variabilities, and Interrelationships Between
Sediment Properties.
10.1 Comparison of Variabilities.
The previous results chapters have described the localized variability of sediment properties, due
to vertical and temporal variation; the regional variability of properties, due to differences
between stations; and the error in depth-mean values, largely due to small-scale lateral
heterogeneity. The forthcoming sections compare different sources of variability. The following
questions were of particular relevance:
1. Is between-station variability greater than within-station variability?
2. What are the relative amplitudes of vertical and temporal variability? 1.e. what are the
primary sources of localized variability?
3. How do variabilities compare with depth-mean errors?
4. What are the relative amplitudes of variability and error for different parameters?
10.1.1 Relative Amplitude of Regional and Localized Variability.
Preliminary Investigations of Variability.
Table 10.1 illustrates coefficients of regional and vertical variability, for measurements of
V
p
- ratio and S; made during preliminary investigations of spatial variability. Depth-mean error
values are included for later comparison. Considering Vp- ratio, for the shore-normal transect and
for the survey of muddy stations, regional variability was greater than vertical variability.
Variabilities were similar for the shore-parallel transect, which exhibited a relatively small degree
of between-station variation (Section 9.2.1). In terms of Su ' measurements at muddy stations
revealed a higher amplitude of vertical variability relative to regional variability.
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Table 10.1. Comparison of coefficients of vertical (CYY) and regional (CRY) variability with
depth-mean errors (DME), for preliminary Vp-ratio and Su data collected from shore-normal and
shore-parallel transects, and from muddy stations.
Compressional Wave Velocity Ratio Shear Strength
Shore-Normal Shore-Parallel Muddy Stations (Lines X and Y)
Mean SD Mean SD Mean SD Mean SD
CRY 2.78 0.83 1.58 0.19 2.70 0.26 27.6 12.2
CYY 1.10 0.58 1.74 0.09 1.05 0.39 48.0 14.7
DME 0.65 0.50 1.02 0.77 0.89 0.68 31.9 31.8
Variability at Primary Stations.
An assessment was made of the relative amplitude of between-station variability and within-
station variability for primary stations, by comparing CRY and CLY values. Mean CRY values,
and CLY values for each primary station are presented in Figure 9.6. CLY values are listed in
Table A4, and CRY values are listed in Table 9.8. The ratio of mean CLY to mean CRY
provides a measure of the relative amplitude of variability for different parameters. Percentage
values for this ratio are presented in Table 10.2.
Table 10.2. Percentage ratio of the mean coefficient of localized variation to the mean
coefficient of regional variation for all measured parameters, including: moisture content (H'),
sand content (F) carbonate content (%Carb). vane shear strength (SII), compressional wave
velocity ratio (Vp- ratio), shear wave velocity (VJ. formation factor (FF). total organic matter
content (TOM), log bacterial numbers (BN), actual bacterial numbers, total carbohydrate content
(CCL liquid phase carbohydrate content (LPC), and polysaccharide content (PC).
\I' Fs %Carb Su Vp-ratio V FF.\
39.7(/(' 25.1% 95.3% 90.7% 26.1% 61.5'f 44.90',
TOM BN Actual BN CC LPC PC
44. I (I<' 114.6% 168.10'c 28.Ylc 79.SCJr 76.W (
For most parameters, between-station variability l' xcccded total local ized vari ahi litv. For
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physical parameters, variation of the mean CLV / CRY ratio displayed the following pattern: F,
and Vp-ratio < wand FF < V, < %Carb and Suo For C7cCarb and Su' differences between CLV and
CRY were not significant. Hence, sand content, moisture content and geophysical parameters
strongly dependent on properties of the pore-fluid matrix, displayed a high degree of regional
variability in relation to localized variability, whereas %Carb and parameters dependent on
properties of the mineral framework displayed less contrast between variabilities.
When CLV values for individual stations were compared with mean CRY values, some station-
specific patterns were observed, due to between-station variation of relative amplitudes of
localized variability for different parameters (see Section 10.1.4). In particular, H' and F, gave
relatively high CLV / CRY ratios for station Y6, and %Carb gave high ratios for sandy stations.
For biological parameters, variation in the magnitude of the mean CLY / CRY ratio displayed
the following pattern: CC < TOM < LPC and PC < BN. Regional variability exceeded localized
variability for all parameters except BN, which gave similar values for CLV and CRY. When
actual (rather than log) bacterial numbers were considered, localized variability exceeded mean
regional variability for all stations except D6.
Coefficients of total variability (CAY) and coefficients of regional variability are presented in
Table 9.8. Since total variability incorporates both between-station variation and within-station
variation due to depth and time, it is expected to exceed regional variability. Considering
physical parameters, CAV and CRY were similar for H', F, and Vp-ratio. CAY was greater than
CRY for %Carb, s; V, and FF. Considering biological properties, CAY and CRY were similar
for all parameters except BN, for which CAV gave the highest values. The disparity was
increased when actual bacterial numbers were considered: CA Y=204%, and mean
CRV=75.6+ 11.8%. These observations indicate that total and regional variability were similar,
except for parameters displaying a relatively high degree of localized heterogeneity, in which
case total variability was greater.
10.1.2 Relative Amplitudes of Vertical and Temporal Yariability.
Between-station variation of total within-station variability has been considered in Chapter 9.
This section compares coefficients of vertical variation with coefficients of temporal variation,
in order to identify significant differences, and thus elucidate governing sources of localized
variability. Mean CVV and CTV values are compared in Figure 10.1, and are listed in Table A2.
Comparing temporal and vertical variability in this manner is obviously contingent on the scales
considered. In Figure 10.1, time and depth scales include all sampling dates and depth-levels for
which a satisfactory suite of measurements was collected. In Table A2, coefficients are also
given for the upper 12.5 em of the bed, in order to allow comparison between physical and
biological properties.
Consideration is also given, below, to between-station variation of CVV and CTV, in order to
further understanding of the regional variation of localized variability. CVV and CTV displayed
significant between-station variation for all physical parameters, excluding Su- Regarding
biological parameters, TOM, LPC and PC illustrated significant regional contrast for CVV, but
not for CTV; whereas BN and CC displayed significant variation for CTV, but not CVV.
Vertical variability of moisture content was found to be significantly higher than temporal
variability for all stations, except Y6 where CVV displayed a high magnitude of variation
between sampling times. At Y6, coefficients were larger than for other stations, by a factor of
approximately 2+0.5, for both types of variability. Coefficients were similar for stations X6,
C6 and 06.
In terms of sand content. coefficients within each station were similar for vertical and temporal
variation. Coefficients were at least twice as large at Y6 than for any other station, and smallest
at C6 and 06.
Vertical variability of carbonate content tended to be smaller than temporal variability for muddy
stations, and larger for sandy stations: although significant differences were only identified at Y6.
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Fig. 10.1 Mean coefficients of vertical and temporal variation
for all measured parameters.
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Significant between-station variation was discovered: D6 displayed the highest coefficients,
which a were almost twice as large as those given for any other station; X6 displayed the lowest
CVV values; and X6 and C6 exhibited the lowest CTV values.
With the full depth range considered, variation of S; in the vertical plane was significantly greater
than variation with time, for all stations. Both CVV and CTV values displayed no significant
contrast between stations. When analysis was limited to the upper 12.5 em. CVV was reduced
for sandy stations, and displayed no significant difference to CTV. This reflects differences in
the zonation of vertical variability: for muddy stations, the largest differences between levels
occurred within near-surface depths; for sandy stations, vertical differences were more prominent
at greater depth (Fig. 7.7).
For Vp - ratio, CVV values exceeded CTV values for all stations, but the contrast was only
significant for C6. Significant between-station differences were identified for both types of
variability. Y6 exhibited the smallest amplitude of variability in both cases. C6 displayed the
largest amount of vertical variability. X6, C6 and D6 gave similar levels of temporal variability.
In terms of y~, variability in the vertical plane was significantly greater than variability with time
for all stations; with CVV exceeding CTV by a factor of 1.9 to 3.8. Both CVV and CTV
exhibited significant inter-station diversity. Vertical variability was greatest for station D6,
where the strongest positive gradients were recorded, and smallest for X6. Temporal diversity
was greatest for C6, where large deviations between profiles were evident for levels at 6 em and
below (Fig. 7.9).
For FF. vertical variation tended to exceed temporal variation, and significant differences were
identfied at stations Y6, X6 and C6. Between-station variation was similar to that recorded for
V
p
- ratio. Y6 displayed the lowest values for CVV and CTV. C6 gave the highest values of CVV.
CTV illustrated an onshore increase, between stations Y6 and D6.
In terms of TOM. coefficients of vertical variation exceeded coefficients of temporal variation.
but the disparity was only significant for station C6. Temporal variability was similar for all
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stations. Vertical variability increased with shoreward distance, from Y6 to 06.
At muddy stations, temporal variability of BN was significantly larger than vertical variability.
At sandy stations, coefficients displayed no significant difference. CVV was similar for different
stations. CTV was significantly greater for muddy stations than for sandy stations.
For CC, amplitudes of vertical and temporal variability were similar. Significant between-station
alteration was observed with respect to CTV, with stations Y6 and 06 displaying larger values
than stations X6 and C6.
For LPC, CVV and CTV were similar, except for station Y6. which displayed a significantly
higher degree of temporal variability. CTV was consistent for different stations. but CVV
illustrated significantly lower values for station Y6.
Polysaccharide content displayed a significantly larger degree of variation in time than with depth
for muddy stations. No such disparity occurred with regard to sandy stations. Temporal
variability exhibited no signficant difference between stations. but vertical variability exhibited
an increase with distance onshore, from station Y6 to 06.
10.1.3 Comparison of Variabilities with Depth-Mean Errors.
The variability of depth-mean values has been considered in terms of different scales and sources.
The error margin around each depth-mean has been considered for parameters for which replicate
core samples were collected: this incorporates both experimental error and within-station lateral
heterogeneity. This section compares different forms of variability with depth-mean error values.
Preliminary investigations of variability.
Table 10.1 presents a comparison of CRV. CVV and OME values for "" ratio and Su' measured
during preliminary site investigations. For the shore-normal and shore-parallel transects, regional
and vertical variability of \ 'p- ratio was greater than depth-mean error. However, for muddy
2~6
stations, Vp-ratio gave errors which were smaller than regional variability. but similar to vertical
variability; whereas Su gave errors which were smaller than vertical variability, but similar to
regional variability. Differences between variabilities for Vp - ratio and S; are apparent from
inspection of the depth profiles given in Figure 7.3: for Vp- ratio, stations tend to be relatively
homogenous in the vertical plane, but between-station variation is pronounced: for SII' strong
vertical gradients are apparent, but between-station variation is not clear.
Variability at primary stations.
Table 10.3 illustrates a comparison of depth-mean errors with coefficients of regional, localized,
vertical, and temporal variation. For each parameter. the percentage ratio of mean error to mean
coefficient of variation is presented for all types of variability. Insignificant differences between
errors and variabilities are specified.
Table 10.3. Comparison of depth-mean errors with coefficients of regional (CRV), localized
(CLV), vertical (CVV) and temporal (CTV) variation. Values indicate mean percentage ratios
of depth-mean errors to coefficients of variation. * denotes comparisons for which insignificant
results were identified. Where differences were only insignificant for a limited range of stations,
the stations giving insignificant results are listed adjacent to *.
Parameter CRV CLV CVV CTV
Vane Shear Strength 43.1 47.5 51.1 89.1 *
P-Wave Velocity Ratio 17.3 66.2 *Y6 70.7 *Y6D6 106.8 *
Shear Wave Velocity 22.7 36.9 33.7 92.2 *
Formation Factor 18.8 41.8 57.6 *Y6 91.1*
Total Organic Matter Content 25.4 57.7 60.4 83.3 *
Log Bacterial Numbers 36.6 31.9 43.1 36.2 *C6 D6
Carbohydrate Content 23.3 82,S *D6 108.9 * 98.8 *
Liquid Phase Carbo Content 58.9 74,2 *Y6 95.7 * 76.'K *
Polysaccharide Content 54.9 ('10 *Yh 98.0 * 76.8 *C6D6)_.
In all cases. CRY values were significantly larger than DME values. indicating that between-
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station lateral variability was greater than within-station lateral variability. Total localized
variability was generally greater than depth-mean error, but a few exceptions were identified:
CLV and DME were similar at station Y6 for Vp- ratio, LPC and PC~ and at station 06 for CC.
For physical parameters, vertical variability tended to be significantly greater than depth-mean
error. At station Y6, however, CVV and DME values were not significantly different for
Vp- ratio or FF~ and values for Vp- ratio were also similar at station 06. Considering biological
parameters, CVV exceeded DME for TOM and BN, but no significant differences were identified
for CC, LPC or PC.
Depth-mean errors were generally similar to coefficients of temporal variability. The only
exceptions were identified for BN and PC, in which case CTV exceeded DME at stations Y6 and
X6. It has been observed that temporal variability was often more pronounced within the upper
5 em of the bed (Chapter 7). CTV and DME values were compared for this surficial zone, in
order to determine any significant differences. For station Y6, near-surface values of CTV
exceeded those of DME, with respect to V~ and FF. For station C6, CTV exceeded DME for
Vp - ratio. Regarding biological parameters, near-surface CTV was greater than near-surface
DME for: BN at station C6~ CC and LPC at stations Y6, X6 and C6: and PC at X6.
10.1.4 Relative Variability of Sediment Parameters.
Assessment was made of the relative variability of different sediment parameters, through a
comparison of coefficients of variation. Figure 10.2 illustrates the mean coefficient of localized
variability and the range of values for all measured physical parameters (values are also listed in
Table A4). Vp- ratio gave much lower CLV values than did any other parameter. and FF also
tended to give small values.
It should be noted that, for a saturated sediment, the theoretical minimum for \'1'- ratio and FF is
not zero. Assuming that the mineral frame is non-conducti ve and that electrical conduction is
exclusively via the pore-fluid matrix, FF should not be smaller than 1. For Vp- ratio, minimum
values can be smaller than I, since Pvwave velocities for highly porous muds can be smaller than
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velocities through interstitial waters. However, minimum Vp- ratio should only be slightly
smaller than 1: Hamilton et al (1970) give a minimum Vp-ratio of 0.98 (11=780'c); Akal (1972)
gives a minimum Vp-ratio of 0.95 (n=90%). To illustrate this point, coefficients of variation for
V, -ratio and FF are represented in Figure 10.2 using two sets of values: CV=SO/mean, and
CV=SD/(mean-l). In forthcoming text, the latter value is referred to as the 'corrected' coefficient
of variation. Differences between the two CV values are much greater for Vp- ratio than for FF.
For other parameters minimum values can be zero, and for comparisons of variability it may be
more appropriate to employ corrected CV values for Vp- ratio and FF, since for all parameters the
denominator becomes, approximately, the mean minus the theoretical minimum. This approach.
however, has not been adopted in previous comparisons of variability (eg. Richardson. 1986:
Jones, 1991).
The relative localized variability of different parameters was, to some degree, station-specific.
but some general patterns were identified. For stations X6, C6, and 06, CLV values for different
physical parameters gave the following sequence of increasing magnitude: Vp- ratio < F; < FF
< w < %Carb, S; and V
s
' A similar sequence was observed for station Y6, but F, and u: gave
relatively large amplitudes of variability: Vp-ratio < FF < F, < %Carb < u: < Vs< Su' For all
stations, variability of w was greater than variability of Vp- ratio, FF, F; CLV for S; was always
greater than CLV for Vs' and Su gave the highest amplitude of variability for all stations excluding
06, where %Carb was more variable.
For a given sediment texture, FF is known to be directly dependent on porosity (Section 3.2).
FF should display greater variability than 11, due to the influence of additional biological and
textural controls of tortuosity. Sediment porosity (calculated from w) gave mean CLV=8.8%
(Range. 8.10/0-10.1 0/0). For all stations variability of 11 was less than variability of FF. Porosity
displayed less variability than F, for muddy stations, and more variability than F; for sandy
stations.
Regarding Vp-ratio, corrected CLV values for Y6 (-l8.l7c) and X6 (22.-l'Ic) were greater than
ClV values for 11. FF, F
s
• 7cCarb and u, Values for C6 (17.671) and 06 (1 J.llJc) were greater
than CLV for F, and 11, but were smaller than coefficients for other parameter". With respect to
2J9
Fig. 10.2 Relative localized variability of physical sediment parameters.
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FF, corrected CLV values were not greatly different to normal values. For stations X6, C6 and
06, localized variability of FF became greater than variability of H' when corrected values were
considered.
Figure 10.3 gives mean CLV values and ranges of values for both physical and biological
parameters (values also given in Table A4). For this comparison only the upper 12.5 em of
sediment has been considered. This had little influence on the relative amplitudes of variability
for physical parameters. Excluding actual bacterial numbers, variability of biological parameters
was relatively similar, and values have been grouped in Figure 10.3. For all stations, BN was
least variable. For stations X6, C6 and 06, variability of CC was relatively small, and variability
of PC was relatively high. Variability of actual (rather than log) bacterial numbers was generally
greater than variability for any other parameter, except at station 06 where %Carb was more
variable. Other biological parameters were always less variable than clcCarb, S; and V. All
biological parameters were more variable than Vp- ratio, nand FF at muddy stations. and more
variable than Vp- ratio and F, at sandy stations.
Localized variability of many physical parameters was predominantly due to variation with depth.
Relative amplitudes of variability were similar when coefficients of vertical variability were
considered. When coefficients of temporal variability were considered, variability of V, tended
to be reduced relative to other parameters, and for muddy stations was similar to variabilities for
F; and w.
Examination of CRY values (see Table 9.8) indicated the following sequence with regard to the
relative variability of physical parameters: Vp- ratio < FF < F, < Sf Carb < H' < Su < Vs' Hence.
congruent with patterns observed for localized variability. regional variability was relatively
small for geophysical parameters contingent on the relative size of the pore-fluid matrix, and was
large for parameters dependent on properties of the mineral framework. When corrected CR V
values were considered, regional variability of Vp-ratio (68.9±2.10'c) was greatly increased, and
similar to the amplitude of variability recorded for SlJ'
Regarding biological parameters. CRY values indicated the following sequence in terms of
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relative amplitudes of variability: BN < LPC < PC < TOM < CC < actual B~. Regional
variability of BN was greater than variability of Vp- ratio, but smaller than that recorded for other
physical parameters. Regional variability of actual BN was greater than that recorded for any
other parameter. CC also displayed strong regional variability, being similar to that given by Su
and v,
For physical parameters, the relative amplitude of depth-mean errors indicated a similar pattern
of variation as observed with regard to localized and regional variabilities, giving the following
sequence: Vp- ratio < FF < V:" < Suo Similarly, for biological parameters, BN gave smaller errors
than did other variables. For corrected Vp- ratio errors, values were much higher than for other
parameters at Y6, were similar to errors for Vs at X6, and were still relatively small at sandy
stations.
10.1.5 Summary and Discussion.
On a local scale, variability of physical properties was predominantly due to variation with depth,
except in the case of textural parameters which generally displayed no difference between
amplitudes of vertical and temporal variability. In general, patterns of between-station variation
of total localized variability, matched patterns observed for vertical variability. CLV and CVV
values tended to be similar for w, Su, Vp- ratio and Vs'
Considering biological sediment properties, localized variability at muddy stations was
dominated by temporal variation, with regard to BN, LPC and PC. At sandy stations, localized
variability of TOM was predominantly due to vertical variation. No significant differences
between amplitudes of vertical and temporal variability were identified for CC. For TOM, LPC,
and PC, inspection of total localized variability indicates a general trend of increasing variability
with distance onshore. This was due to increasing vertical variability with distance shoreward.
A high degree of localized variability of BN at muddy stations, was due to large amplitudes of
temporal variation. Relatively strong temporal variability of CC also explained higher
amplitudes of total localized variability at stations Y6 and 06.
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Between-station variability of sediment properties was generally greater than total localized
variability. However, regional and localized variabilities tended to be similar for 9CCarb, Su' and
BN. %Carb illustrated relatively high localized variability due to the patchy distribution of shell
laminae at sandy stations, whereas Su exhibited high localized variability due to strong depth
variation. \(~ also gave a relatively high degree of within-station variability due to strong depth
gradients. Vp - ratio, F; and CC revealed relatively strong amplitudes of regional variability.
Relative amplitudes of regional and localized variability will obviously be specific to the area of
seabed investigated, and the length scales considered. For this study. the primary sampling
transect (length- 4.6 km) was deliberately chosen for its high degree of horizontal variability.
Preliminary investigation of a shore-parallel transect (length - 3.7 km) indicated similar
amplitudes of regional variability and vertical variability for Vp- ratio. From the preliminary
investigation of muddy stations (survey area ~ 7.7 krrr'), it was determined that vertical variability
of S; was actually greater than lateral variability. In a study of deep sea sediments, Briggs et al
( 1986) illustrated that vertical variability of surficial sediment properties (texture, Vp and SJ was
greater than horizontal variability on scales of em to km.
Regional and total localized variability tended to be greater than depth-mean error. Some
exceptions were identified; in particular, the preliminary investigation of muddy stations revealed
no difference between CRY and DME for Suo Vertical variability was generally greater than
DME for all physical parameters, and for TOM and BN. However, in some cases, geophysical
parameters strongly dependent on properties of the pore-fluid matrix displayed no difference:
in particular, CVV and DME for Vp- ratio were found to be similar in the preliminary
examination of muddy stations, and for primary stations Y6 and D6. Richardson (1986) has
observed vertical homogeneity of Vp- ratio, in shallow water muddy substrates, which he
attributes to mixing by benthic macrofauna. Temporal variability of sediment properties was
generally similar to depth-mean error, except for BN and PC at muddy stations. In some cases,
CTV did exceed DME when only the upper 5 cm of the bed was considered.
Some patterns were identified with respect to the relative variability of different sediment
properties. Regarding physical characteristics, parameters related to properties of the mineral
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framework (S, and V,) displayed the highest amplitudes of localized and rezional variability, and
~ ~
the largest depth-mean errors. Geophysical properties related to the size and structure of the
pore-fluid matrix (Vp-ratio and FF) gave relatively small amplitudes of variability and error
(except when corrected CV values were considered for Vp-ratio). Sand content also displayed
little variability, particularly on a local scale for sandy stations. Regarding biological parameters,
BN displayed the smallest degree of variability and error, whereas actual BN displayed the
highest.
10.2 Interrelationships between Sediment Properties.
10.2.1 Introduction.
This section deals with interrelationships between sediment properties for data collected during
the main sampling programme. Relationships identified during preliminary cruises are
considered where relevant. Within the bounds of the data set collected, relationships between
sediment properties can be defined in terms of: regional relationships, which consider all data:
zonal relationships, which consider data collected for textural zones; and localized relationships,
which consider data collected for individual stations. When data for all stations is examined,
significant correlations are inevitable due to contrasts in sediment texture, and associated
variations of structural and biological properties. Similarly for textural zones. With respect to
localized interrelationships, lateral variability (and hence textural variability) is limited, and
significant correlations will be primarily controlled by coincident variation of sediment properties
with depth and time.
A complex interacting network of controls will govern structural properties of the bed, and links
between parameters may be direct or indirect. Causative relationships can only be postulated
after careful examination of data, and a consideration of relevant theory. In the following
sections, bivariate correlations are examined, and patterns are identified with respect to the
relative strength of correlations given by different parameter pairings and for different stations.
This is followed by an examination of primary and secondary controls through lISC of multiple
regression analysis.
~ -
10.2.2 Bivariate Correlations.
Table A6 gives bivariate correlation coefficients for regional, zonal. and localized relationships.
for all possible parameter pairings. It is clear that many sub-sets of data displayed significant
correlations. When all data was combined, all correlations were significant. Where significant
correlations were identified, moisture content exhibited negative relationships with other physical
parameters, and positive relationships with biological parameters; physical parameters other than
W, displayed positive relationships with each other, and negative relationships with biological
parameters; positive relationships were identified for all significant correlations between
biological parameters.
Correlation coefficients tended to be highest when all data was considered, and smallest for
individual stations. This was primarily due a smaller degree of variation of sediment properties
on a localized scale. Likewise, zonal relationships tended to display stronger correlations for
muddy stations than for sandy stations due to a greater degree of difference between stations Y6
and X6.
In the following examination, the relative strength of correlation (in terms of r) given by different
predictor variables is assessed for different dependent variables. For any particular dependent
variable, predictor variables are listed in order of decreasing correlation coefficient.
Consideration is also given to between-station variation in the strength of correlations.
Significant correlations correspond to a probability level of P<O.00076 (see Section 6.6).
Correlations significant at the P<O.05 level are also considered. where this helps define trends
in the variation of r. Scatter plots are presented for some of the strongest relationships. In some
cases, values for preliminary cruise data are included; these are labelled 'others' values. For
correlations with FF, values for the uppermost measurement level are plotted separately, and are
labelled 'surf values. For CC, LPC and PC, units correspond to ug glucose equivalent per g dry
weight of sediment.
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10.2.2.1 Correlation of Physical Parameters.
Correlations between w and F~ were generally significant. as were correlations between these
variables and the strength / geophysical properties of the bed. Carbonate content displayed a
lesser degree of correlation with other variables. The dependence of w (in terms of porosity) on
texture, and the dependence of strength / geophysical properties on texture and parameters related
to w, is considered in Section 10.2.3. Of particular relevance to this section. is the relative degree
of correlation for strength / geophysical parameters, when they are employed as predictor
variables for wand textural parameters. This provides a measure of the relative dependence of
SlI and geophysical parameters on the more basic properties of the bed.
Since shear strength and geophysical properties of the bed share a common dependence on some
basic sediment properties (texture, porosity and overburden pressure), significant correlations
were expected. Intuitively, correlation should be relatively strong between SlI and V~, and
between Vp- ratio and FF: SlI and V~ are both dependent on properties of the mineral framework,
particularly the number and strength of intergranular contacts; for saturated sediments, Vp- ratio
and FF are both dependent on the relative size of the pore-fluid matrix, although both parameters
are influenced by additional physical controls (i.e. frame compressibility in the case of Vr - ratio,
and tortuosity in the case of FF). For all data combinations, correlation between shear strength
and geophysical parameters was almost always significant; some insignificant results were
identified on a local scale.
All physical parameters are considered as dependent variables below. For IV, F~ and %Carb, the
rclati ve degree of correlation given by the Su' Vp- ratio, V and FF is investigated. This is
followed by an examination of correlations between SlI' Vp- ratio, V~ and FF.
Moisturc Content.
For all combinations of data, H' was significantly correlated with .\1 and all geophysical
parameters, except in the case of station 06 where Vp - ratio gave an insignificant result. For the
full data set and for data from muddy stations pooled, the strength of correlation givcn by
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different predictor variables exhibited the following sequence: FF and Vp- ratio> V> Suo Scatter
plots are not presented here, since plots of FF and Vp- ratio versus porosity are given in Section
10.2.3. Plots of Su and V, versus w, are given in Figures 9.8 and 9.10.
On a local scale, variation in the magnitude of r given by different predictor variables was
station-specific. However, relationships between wand FF tended to be stronger than
relationships between wand Vp- ratio. For station Y6, Su and Vs provided the strongest
correlations; for station X6, V.S and FF provided the best correlations: for station C6, V, gave a
weaker correlation than other variables; for station D6, V, gave the best correlation. Correlation
of W with Su' Vp- ratio and FF was strongest for stations X6 and C6, and correlation with V, was
strongest for X6.
Sand Content.
Correlation of F; with SlI' Vp-ratio, Vs and FF was generally significant, but some insignificant
results were identified on a localized scale. With all data considered or data pooled for textural
zones, variation in the magnitude of r given by different predictor variables exhibited the
following sequence: Vp- ratio and FF > Vs and Suo The relatively strong relationships given by
Vp- ratio and FF are illustrated Figures 10.4 and 10.5, respectively. Plots of S; and V, versus F s ,
are given in Figures 9.7 and 9.9.
Considering stations separately, all predictor variables gave significant correlations for station
Y6, and F, was most strongly correlated with V,. At stations X6 and C6, Vp- ratio and FF gave
the best correlations, and correlation with V, was insignificant. For station 06, Vp- ratio was the
only significant predictor variable. For Su' Vp-ratio, and FF, the best correlations were found at
C6.
Carbonate Content.
('1 Curb exhibited relatively few significant correlations with S; and geophysical properties. All
correlations were significant, although relatively weak, when the full data set was considered.
246
The following sequence was identified with respect to variation in the strength of correlation
given by different predictor variables, although the contrast was small: FF and V - ratio> 'T >P ~
Suo For muddy stations considered separately or together, no significant correlations were
identified. For sandy stations grouped, all correlations were significant. On a localized scale.
FF gave a relatively strong correlation at station C6, and correlation with V, was insignificant.
For D6, S; provided the strongest correlation, and FF and V, gave insignficant results.
Vane Shear Strength.
For the full data set, or with data pooled for either textural zone, Su was most strongly correlated
with V~. On a local scale, the S;- V~ association gave the strongest correlation for all stations
excluding C6; in this case correlation of S; with V~ was insignificant, and the best correlation was
given by Vp-ratio. Muddy stations revealed the strongest relationships between S; and V~, and
between Su and FF. The strong covariation of V~ and Su observed at muddy stations is depicted
in Figure 10.6.
Shear Wave Velocity.
For the full data set, V~ was best correlated with FF and Suo With data from either textural zone
pooled, Su gave the best correlation. FF and Su were the best predictor variables on a localized
scale. No significant correlations were found for Vp- ratio or Su at station C6, or for FF at station
D6. For both muddy stations, all correlations were significant, and stronger than those recorded
for sandy stations. The relatively strong relationships observed at muddy stations, between V~.
and S V -ratio and FF are illustrated in Figures 10.6, 10.7 and 10.8, respectively.
1I ' P ,
Compressional Wa\'(} Velocity Ratio.
For the full data set and for data from muddy stations pooled. Vp- ratio was best correlated with
FF (Figure 10.9). With data from sandy stations grouped, correlation coefficients given by
'--
different predictor variables were similar.
2.+7
Fig. 10.4 P-wave velocity ratio versus sand content, all data.
1.25
a
1.2 -
1.15 -
1.1 -
1.05 -
1 -
V6
- - - - - !..
I
I X6
o
- - - - - r
I C6
I X
06
• v
- - - - - ~ - - - - - p
- - - - 1-
r-----,-
A
I
- .-
- - - - .
- - - - -.- - - - - -.- - - - - -
- -I
0.95
20
I
30
I
40
I
50
I
60
% Sand
I
70
I
80
I
90 100
7
Fig. 10.5 Formation factor versus sand content, all data.
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Fig. 10.9 Formation factor versus P-wave velocity ratio, all data.
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Treating stations separately, Vp-ratio was best correlated with V, at station Y6, and correlation
with FF was insignificant; at station X6, all correlations were significant and relatively similar:
at station C6, correlation of Vp- ratio and V, was insignificant; at station D6, FF gave the weakest
correlation. Correlation with V, was strongest for station Y6, whereas correlation with Su and FF
was strongest at C6.
Formation Factor.
On a regional or zonal scale, FF was best correlated with Vp- ratio (Figure 10.9). Considering
localized covariation, correlation of FF and Vp-ratio was not significant at station Y6. and the
best correlation was given by ~,~ V, also gave the strongest correlation for station X6 (see Figure
10.7). For stations C6 and D6, FF was best correlated with Vp-ratio, and at 06 other results were
insignificant. Station X6 displayed the best correlations between FF and frame-related
properties, whereas C6 gave the best correlation between FF and Vp- ratio.
10.2.2.2 Correlation of Biological Parameters.
The covariation of biological parameters is examined below, with regard to variation in the
strength of correlations given by different parameter pairings, and for different stations. Each
biological parameter is considered as a dependent variable, and all other biological parameters
are considered as predictor variables.
Total Organic Matter Content.
Considering the full data set, TOM displayed a strong linear relationship with CC (Figure 10.10)~
PC and LPC gave weaker correlations; and BN gave the weakest correlation. With data from
muddy stations grouped, CC, PC and LPC were significantly correlated with TOM. With data
for sandy stations pooled, CC, PC and BN were significantly correlated with TOM. For both
textural zones. CC gave the strongest correlation.
On a localized scale. TOM was significantly. and most strongly. correlated with ce.
Fig. 10.10 Total carbohydrate content versus total organic matter content,
all data.
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Correlations were a little stronger, and more linear, for muddv stations than for sandv stations.
. .
PC gave significant correlations at stations Y6, X6 and C6, and LPC gave a significant result at
Y6. Correlation of TOM and BN produced no significant results.
Log Bacterial Numbers.
On a regional scale, covariation of BN with other biological variables gave relatively small
correlation coefficients, which were similar for different parameter pairings. Considering data
for muddy stations combined, all correlations were weak, with LPC giving the only significant
result. For sandy stations combined, LPC, PC and TOM were significantly correlated with BN:
LPC gave the strongest correlation.
With muddy stations treated separately, CC gave the only significant correlations with BN. At
station C6, relatively strong correlations were given by LPC, CC and PC. For station 06, LPC
gave the only significant result.
Total Carbohydrate Content.
For correlation of CC with other biological parameters on a regional scale, variation in the
strength of correlations exhibited the following sequence: TOM> LPC and PC > BN. When
data was combined for either muddy or sandy stations, TOM, PC and LPC gave significant
correlations. In both cases TOM was most strongly correlated with CC (Figure 10.10).
For both muddy stations. CC was significantly correlated with all other biological parameters.
At station C6, TOM, BN and LPC gave significant results. For 06, the only significant
correlation was given by TOM.
Liquid Phase Carbohydrate Content.
With data pooled for all stations or for muddy stations. variation in the strength of correlation,
for covariation of LPC with other biological variables, exhibited the following sequence: PC >
2.+9
Fig. 10.11 Polysaccharide content versus liquid phase carbohydrate content,
all data.
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CC > TOM> BN. For sandy stations combined, PC, BN and CC gave significant results: PC
gave the strongest correlation and CC gave the weakest. The strong relationship between LPC
and PC is illustrated in Figure 10.11.
On a localized scale, LPC was most strongly correlated with PC. CC also gave significant
correlations for stations Y6, X6 and C6; with Y6 displaying a relatively strong and linear
association. Both sandy stations displayed significant correlation between BN and LPC.
Polysaccharide Content.
For regional relationships between PC and other biological parameters. variation in the strength
of correlation admitted the following sequence: LPC > TOM and CC > BN. On a zonal or
localized scale, the highest correlation coefficients were also given by the PC- LPC relationship
(Figure 10.11). For muddy or sandy stations combined. correlations were all significant. except
for PC- BN covariation at muddy stations. With stations considered separately. significant
results were given by LPC at all stations, and by TOM and CC at Y6 and X6, and TOM and BN
at C6.
10.2.2.3 Correlation of Physical and Biological Parameters.
One of the principal objectives of this study was to identify interrelationships between physical
and biological properties. This is considered in detail in later sections. where multivariate
analyses are implemented. In this section patterns are identified with respect to bivariate
correlations between physical and biological properties. Each physical parameter is considered
as a dependent variable, and variation in the strength of correlations given by different biological
parameters is examined. Likewise, each biological parameter is considered as a dependent
variable. and physical parameters are employed as predictor variables.
Moisture Content.
On a rcuional scale, variation in the strength of correlations. for covariation of H' with biological
c-
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Fig. 10.12 Total organic matter content versus moisture content,
all data.
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Fig. 10.13 Total carbohydrate content versus moisture content,
all data.
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parameters, displayed the following sequence: CC > TOM> LPC and PC > B:'\, For muddv
stations grouped, w was significantly correlated with all biological variables excluding B:\" ~ TO~t
and CC gave the best correlations. For sandy stations combined, all correlations were significant,
and displayed relatively little variation; although r was highest for CC. Scatter plots of TO~t and
CC versus ware given in Figures 10.12 and 10.13.
For stations Y6 and X6 considered separately, w was significantly correlated with CC and TOM.
and CC gave the best correlations. At station C6, BN, TOM, and CC all gave significant results.
with BN giving the highest coefficient. At D6, no significant correlation was observed at the
critical probability level. However, BN gave the best correlation (significant at P<0.05).
Sand Content.
Considering covariation of F; with biological parameters for the full data set, the strength of
correlation given by different predictor variables displayed the following sequence: CC > TOM
> LPC and PC > BN. For muddy stations combined, all biological parameters were significantly
correlated with F
s
' except BN ~ CC and TOM gave the best correlations. For sandy stations
grouped, CC gave a strong correlation with Fs' and TOM gave a significant but much weaker
correlation. Scatter plots of TOM and CC versus F; are given in Figures 10.14 and 10.15.
Few significant correlations were found on a localized scale: TOM displayed a significant
correlation with F; at Y6~ LPC gave a significant correlation at X6~ CC and TOM gave
significant results at C6: and CC provided the only significant correlation for 06.
Carbonate Content.
On a rcuional scale, correlation of %Carb with biological variables gave the following sequence.
"-
in terms of variation in the size of r: CC > TOM> LPC and PC > B]'\, When data was
considered on a zonal or localized scale, correlations were generally insignificant. The only
significant results were givcn by CC when data was pooled for sandy stations. and by BN when
"-
data for station C6 was considered. Correlations for C6 tended to he stronger than those recorded
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Fig. 10.14 Total organic matter content versus sand content, all data.
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Fig. 10.15 Total carbohydrate content versus sand content, all data.
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for other stations.
Shear Strength.
For the full data set, correlation coefficients given by different biological parameters, for
covariation with Su' exhibited the following sequence in terms of magnitude: CC and TOM>
PC and LPC > BN. With data for muddy stations pooled, TOM gave a better correlation than
CC, and other correlations were insignificant. For sandy stations combined, the only significant
result was given by BN.
On a localized scale, TOM and CC gave significant correlations for station X6. No significant
results were identified for station Y6 at the critical probability level, but TOM and CC gave the
strongest correlations (significant at P<O.05). BN was significantly correlated with S; at station
C6. No significant result was found for station D6, but BN gave the best correlation (P<O.05).
Compressional Wave Velocity Ratio.
Considering correlation of Vp- ratio with biological parameters on a regional scale. the strength
of correlation given by different predictor variables displayed the following sequence: CC >
TOM> LPC and PC > BN. For muddy stations combined, CC and TOM were significantly
correlated with Vp-ratio. For sandy stations grouped, all biological variables were significantly
correlated with Vp- ratio, excluding BN; CC gave by far the strongest correlation.
For muddy stations treated separately, all correlations were insignificant. Vp- ratio was correlated
with CC at both sandy stations; TOM and BN also gave significant results for station C6.
Shear ~v([\'(} Velocity.
For covariation of V" with biological parameters on a regional scale, correlation coefficients were
relatively similar; CC gave the strongest correlation. and BN gavc the weakest. When data for
muddy stations was combined, significant correlations were given by TOlvl and ce. When data
for sandy stations was combined, the only significant correlation \\'as givcn by B!\ (Figure
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Fig. 10.16 Shear wave velocity versus bacterial numbers, all data.
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10.16).
On a localized scale, no significant correlations were found between \' and biolozical
" b
parameters, partly due to small numbers of paired values. However, a number of correlations
were significant at the P<0.05 level, and these are worth investigating in order to elucidate
general patterns. For muddy stations, TOM, CC and BN gave relatively strong correlations. For
stations C6 and D6, the strongest correlations were given by BN.
Formation Factor.
For the full data set, correlation coefficients given by different biological parameters for
covariation with FF, exhibited the following sequence in terms of magnitude: TOM> LPC, CC
and PC > BN. For muddy stations combined, all biological variables excluding BN were
significantly correlated with FF~ TOM and CC gave the strongest correlations. Similar results
were found when data for sandy stations were combined. The strong degree of association
between FF and TOM is illustrated in Figure 10.17.
On a localized scale, TOM was significantly correlated with FF for all stations: C6 revealed the
strongest covariation, and D6 displayed the weakest. No other relationships were significant for
muddy stations. For both sandy stations CC presented significant correlations, and at station C6,
all biological parameters excluding BN were significantly correlated with FF.
Total Organic Matter Content.
TOM - FF relationships gave the highest correlation coefficients, with respect to the covariation
of TOM and physical parameters on all scales (Figure 10.17). On a regional scale, the following
sequence was observed in terms of the strength of correlation given by different predictor
variables: FF> \1', F; and Vp - ratio> Vs and Su> 0C'Carb. A similar pattern was observed when
data was pooled for either muddy or sandy zones. However, Vs and Su gave no significant
correlation for sandy stations, and lj(Carb gave insigni ficant results for both textural zones.
Fig. 10.17 Formation factor versus total organic matter content
all data.
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On a localized scale, fewer significant results were observed. Correlation of TO'vl with V ands
%Carb was insignificant for all stations; correlation with S; was only significant at station X6:
and correlation with Vp-ratio was only signficant at C6. TOM was significantly correlated with
w for stations Y6, X6 and C6 (Figure 10.12), and with F, for stations Y6 and C6 (Figure 10.1-+).
FF gave the only significant result for station D6. Station C6 presented a greater number of
significant correlations than did other stations, and displayed the strongest TOM- FF
relationship..
Bacterial Numbers.
When covariation of BN with physical parameters was considered for the full data set. the
following sequence was identified with respect to the strength of correlation given by different
predictor variables: Vs > Su > w > Vp-ratio and FF > F; > %Carb. Correlation of Vs with BN is
presented in Figure 10.16. For muddy stations, treated separately or with data pooled, all
correlations were insignificant; however, Vs gave the highest correlation coefficients (significant
at P<0.05). For sandy stations combined, BN was most strongly correlated with S; and V: H' gave
the only other significant result. For station C6 considered separately, all physical parameters,
excluding Vs and F
s
' were significantly correlated with BN; FF, Su and Vp- ratio gave relatively
high coefficients. For D6, no significant result was found, but Vs gave the best correlation
(significant at P<0.05).
Total Carbohydrate Content.
For all data, covariation of CC with physical parameters gave the following sequence, in terms
of the strength of correlation given by different predictor variables: Vp- ratio, F, (Figure 10.15)
and H' (Figure 10.13) > FF > V
s
> S; > %Carb. For muddy stations grouped, all parameters
excluding %Carb gave significant results. For sandy stations combined. all parameters excluding
V
s
and S; gave significant correlations. F
s
• Vp- ratio and FF gave relati vely strong correlations
for both texural zones, and H' gave a good correlation for muddy stations.
On a localized scale. CC was best correlated with H' at stations Y6 and :\6; with the exception
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of S; at X6, other predictor variables gave insignificant results. At stations C6 and 06. V
p
- ratio,
F~ and FF all gave similar and relatively strong correlations with CC; the only other significant
correlation was with w at C6.
Liquid Phase Carbohydrate Content.
For all data pooled, variation in the strength of correlation given by different physical parameters,
for covariation with LPC, revealed the following sequence: FF > w, F~ and \ 'p- ratio > V~ > S; >
%Carb. For muddy stations grouped, FF, F; and w were significantly correlated with LPC: FF
gave the strongest relationship. For data from sandy stations pooled, w, FE and Vp- ratio, were
significantly correlated with LPC; w gave the strongest correlation.
On a localized scale, no significant results were identified for stations Y6 or 06; FF gave the best
correlation with LPC at station Y6, and Vs gave a relatively strong correlation at 06 (P<O.05).
F; gave the only significant result at X6, and FF gave the only significant correlation at C6.
Polvsaccharide Content.
When PC was correlated with physical parameters for the full data set, variation in the strength
of correlation given by different predictor variables revealed the following sequence: FF and w
> Vp - ratio and P, > Vs > Su > %Carb. For muddy stations combined, FF, H' and F~ gave
significant results; with FF giving the strongest correlation. For sandy stations grouped, H',
Vp- ratio and FF gave significant results: with w giving the best correlation.
On a localized scale, all correlations were insignificant at the critical probability level. but it is
worth considering correlations significant at the P<O.05 level. For station Y6, FF gave the
strongest correlation with PC; for X6, w, F, and Vs provided relatively good correlations: for C6,~ .
H' and FF gave the best correlations: and for 06, Vp - ratio gave the best correlation.
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10.2.2.4 Summary and Discussion.
Where significant correlations were identified, moisture content exhibited negative relationships
with other physical parameters, and positive relationships with biological parameters: physical
parameters other than w, displayed positive relationships with each other, and negative
relationships with biological parameters; positive relationships were identified for all significant
correlations between biological parameters.
Since different geophysical and geotechnical sediment properties share common dependencies
on some basic bed characteristics (eg. texture, pressure and porosity), significant correlations
were expected. The large number of highly significant correlations identified between physical
sediment parameters, indicates a good degree of experimental control. This provides a solid
foundation for the investigation of secondary biological controls of seabed structure, given in the
following section.
For correlation of wand F; with strength / geophysical properties, geophysical parameters related
to properties of the pore-fluid matrix (Vp-ratio and FF) tended to give the strongest correlations.
This was most obvious for multiple station data sets, and was less evident when localized
covariation was addressed, particularly in the case of H'. For station Y6, H' and F, were more
strongly correlated with parameters dependent on properties of the mineral framework (Su and
VJ.
For correlations with w, FF always gave a stronger correlation than Vp- ratio. For correlations
with F; Vp- ratio tended to give stronger correlations than FF. This pattern may have been partly
due to differences in sampling interval: sampling intervals for H', displayed a greater degree of
congruence with those taken for FF; sampling intervals for F, were more congruent with those
for Vp- ratio (see Chapter 6).
For correlations between strength / geophysical parameters. a relatively high degree of
association was identified for \lp - ratio - FF relationships, and for S; - \'S relationships. This had
been hypothesized prior to data analysis, since the former pair of parameters are dependent on
256
the relative size of the pore-fluid matrix, and the latter pair are controlled by properties of the
mineral framework. These associations were most evident for multiple station correlations.
where a large degree of variation in sediment properties was introduced. Links were less
apparent on a localized scale.
Localized relationships between Su and V\ were stronger for muddy stations than for sandy
stations. This is not surprising since the vane shear test is designed for use in fine-grained
materials, rather than in sandy materials where redistribution of pore-fluid during vane rotation
may influence results. Muddy stations also exhibited better correlations for V with V - ratio and\ p
FF, and for Su with FF. This suggests similar forms of depth variation for these parameters at
muddy stations (since this was the major source of localized variability). Correlations between
wand Su / geophysical parameters were highest at stations C6 and X6. Correlations between F\
and S; / geophysical parameters were highest at station C6.
Correlation between biological parameters revealed relatively strong associations for TOM - CC
relationships, and for LPC - PC relationships. BN displayed a lesser degree of covariation with
other biological variables. On a localized scale, BN was significantly correlated with CC at
stations Y6, X6 and C6, and with LPC and PC at sandy stations: relationships between BN and
TOM were not significant. CC, and particularly LPC and PC, are considered to be the parameters
most closely associated with the mucous exopolymer (EPS) content of the sediment. Assuming
this is so, these correlations suggest a direct dependence between the number of bacteria and the
amount of EPS, particularly for sandy stations. Correlation between BN and CC, LPC and PC
was strongest on a local scale.
TOM, CC, LPC and PC, tended to give relatively strong correlations with H', F" Vp- ratio and FF,
and weaker correlations with S; and V\. BN tended to give stronger correlations with S; and Vs '
Of all the physical parameters considered, %Carb was most weakly correlated with biological
parameters. For H', F
s
' Vp- ratio and FE the degree of association with biological variables
exhibited a commonly occurring sequence: CC and TOM gave the strongest correlations; LPC
and PC gave weaker correlations; and BN gave the weakest correlation. On a localized scale,
physical parameters generally displayed no significant correlation with LPC or PC.
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Station C6 tended to exhibit the strongest correlation between biological and physical
parameters; particularly for w, %Carb, Su, Vp- ratio and FF (but not VJ in terms of physical
parameters, and for BN, LPC and PC, in terms of biological parameters. This is surprising since
C6 was a sandy station, where physical mechanisms probably had a significant influence on bed
properties. A higher degree of correlation between biological and physical properties would be
expected for muddy stations, where biological activity should have a greater influence on bed
structure. It is also surprising to find no significant correlations between \ 'p~ ratio and biological
parameters at stations Y6 or X6 (the muddiest stations with the highest level of biological
activity).
Strong relationships between TOM and FF were evident for all data groupings. No other pairing
of biological and physical parameters gave such a high level of correlation (including
associations between TOM and w). Assuming that TOM is indicative of biological activity, this
suggests that FF effectively describes a property of the pore-fluid matrix sensitive to biological
modification
10.2.3 Multivariate Analysis of Controls.
The following sections deal with primary and secondary controls of seabed structure in terms of
porosity, Su, V
p
-ratio, V
s
and FF. Primary controls are assumed to be the most basic physical
properties of the bed. For porosity this includes texture and depth (or overburden pressure); for
shear strength and geophysical properties this includes porosity, texture and depth. Relationships
between structural properties and fundamental sediment charateristics will display scatter due to
experimental error and the influence of secondary controls. Biological processes are of particular
importance with respect to secondary controls.
In order to investigate interrelationships, an iterative approach was adopted using multiple linear
regression analysis. The main purpose of this technique was not the production of new empirical
formulations. but identification of interrelationships, and categorization of relationships a"
positive or negative. Expressions similar to those employed in depth modelling (see Chapter 7)
were used in regression analysis. after transformation into a linear format if necessary. The initial
objective was the identification of primary controls, and formulation of best fit empirical
expressions to account for such interrelationships. These primary equations provided the
foundation for investigations of secondary controls. particularly biological. by the inclusion of
additional terms in the regression analysis. Significant secondary controls were defined as those
producing a significant increase to the amount of explained variance (R2) . To simplify analysis.
each additional variable, Xi was incorporated into the linear form of the primary expression as
either Xi or In(XJ Some degree of scatter was expected, regardless of the number of predictor
variables included in regression analyses, due to experimental error and the influence of
unmeasured variables.
Empirically derived predictive equations for shear strength and geophysical sediment properties
usually relate such parameters to porosity (or void ratio) and/or pressure (eg. Akal, 1972~
Jackson et al, 1978; Hamdi and Taylor Smith, 1981; Hamilton and Bachman, 1982: Faas 1986~
Bryan and Stoll, 1988; Bates, 1989). Many correlations are also given in terms of textural
parameters, but such relationships are largely due to an inverse relationship between porosity and
grain size (Hamilton and Bachman, 1982). For consistency, primary predictive equations were
defined in terms of porosity (or void ratio) and/or pressure, prior to investigation of secondary
controls. Relationships with texture were investigated separately. and textural parameters were
also incorporated into primary relationships to determine any significant alteration to explained
variance. The choice of porosity or void ratio in correlation analyses depended on the parameter
conventionally used in the literature: for Vp-ratio and FF, porosity is most commonly used; for
S; and V" void ratio is most commonly employed.
A prime objective of this exercise was identification of secondary biological controls of seabed
structure, through the identification of unique portions of shared variance between physical and
biological properties, that could not be explained by variance of more basic physical properties.
Biological processes may also influence structure through modification of basic sediment
properties. This is borne in mind throughout the analysis.
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10.2.3.1 Controls of Porosity.
As described in Chapter 6, the relative proportion of mineral and pore-fluid constituents for a
saturated sediment can be represented by a number of parameters which are simply related.
Hence from measured moisture content, profiles of porosity, void ratio and bulk density were
calculated. Each of these parameters represents a basic structural property upon \\'hich the
strength and geophysical properties of sediment are dependent. This section provides an account
of factors controlling the relative proportion of solid and fluid components. prior to an
examination of controls of more complex physical parameters. Interrelationships are studied
with reference to porosity, since this is the parameter most commonly employed in literature
dealing with surficial sediments.
Table 10.4 Best fit expressions, and coefficients of determination (R2) , for fractional porosity
(n) as a function of fractional sand content (FJ.
Station Best Fit Equation R2
All 11 =0.791-0.445Fs 0.898
Muddy 11 =0.80 1-0.469Fs 0.800
Sandy 11 =5.02-10.2Fs+5.61Fs
2 0.426
') 0.461Y6 11 = 1.01-1.83Fs+2.17Fs-
X6 II =0.730-0.356Fs 0.287
') 0.529C6 11 =4.75-9.46Fs+5.11Fs-
06 No Dependence
In the case of surficial marine sediments, porosity often exhibits an inverse relationship with
grain size (Hamilton and Bachmann, 1982). This was true for data collected from the study area,
as illustrated by a scatter plot of porosity versus sand content (Fig. 10.18). Table 10.4 illustrates
best fit equations and R2 values for porosity as a function of sand content. for different data
combinations.
It is clear from Table 10.4 that. although n-F; correlations involving a relati vely wide range of
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Fig. 10.18 Porosity versus sand content, all data.
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sediment textures were highly significant, on a local scale much of the variation of porosiy could
not be explained by variation of sand content. Carbonate content provided an additional textural
variable with possible consequences for sediment porosity: highly angular particles can form
bridge structures in surficial marine sediments which can increase porosity (Allen, 1985).
However, inclusion of a carbonate content term in regressions of 1l on F was ecnerallv
s b •
insignificant; except with regard to sandy stations combined, for which carbonate content
accounted for an additional 3.7% of variance of porosity. Rather than the expected increase in
porosity (assuming a 'bridging' hypothesis), increasing carbonate content was associated with
decreasing porosity. This was a result of large carbonate fractions being associated with well
packed sub-surface sediment layers in sandy cores. Inclusion of carbonate content did not
enhance prediction of porosity with stations C6 or 06 considered separately. Furthermore,
porosity at station D6 displayed no textural dependence.
Since moisture content has been shown to exhibit significant vertical variability (Section 7.3),
incorporation of depth in regression analysis was the obvious next step towards formulation of
physical models for porosity. Depth variation of porosity in surficial marine sediments will be
a function of variation of biological activity and hydrodynamic reworking (Richardson. 1986).
For correlations with more than one station considered. texture was the predominant physical
control of porosity; with regard to localized correlations. depth was the dominant control. In all
cases, except for D6, combination of both sand content and depth as predictor variables in
regression analysis, produced the best physical model for porosity. These physical models
provided the basis for examination of secondary biological controls.
Table 10.5 illustrates R2 values for best fit physical expressions (incorporating texture and depth).
and maximum significant increases to R2 with a biological parameter included in regression
(+R2 ) . These values indicate that incorporation of certain biological parameters in physical
models. accounted for a unique amount of variance of porosity, of up to 12.2£7c. Inclusion of
biological variables gave significant results for multiple station regressions. but with stations
considered separately only produced a significant increase to R2 for X6 and Y6.
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Table 10.5. Secondary biological controls of porosity. Coefficients of determination (R 2) for
best fit physical models, and maximum significant increases for R2 (+R2) with biological variables
incorporated in regression; including: carbohydrate content (CC), bacterial numbers (B:\), total
organic matter content (TOM) and liquid phase carbohydrate content (LPC).
Station
All Muddy Sandy Y6 X6 C6 06
R2 0.941 0.835 0.717 0.686 0.716 0.822 0.617
+R2 0.008 0.058 0.030 0.078 0.122
Variable CC CC LPC CC CC
Effect + + + + +
Other BN TOM TOM, BN
variables BN, LPC
Not all biological parameters produced significant increases to explained variance. In general
the strongest relationships were found for carbohydrate content. Some other biological variables
produced significant improvements to predictive equations, but this was associated with
covariation with CC. One exception to this observation was for sandy stations, in which case
only LPC produced a significant refinement to the physical model. In all cases an increase in the
biological variable produced an increase in porosity. For stations Y6 and X6, inclusion of F, in
regression equations was insignificant when CC was also included.
Variation in the relative magnitudes of explained variance produced a pattern consistent with that
expected from a simple consideration of bathymetric and textural gradients. Biological control
of sedimentary structure was expected to be more dominant for muddier substrates in deeper
waters, in comparison to sandier substrates in shallow waters, where hydrodynamic forces would
have greater prevalence. This coincides with the identification of a unique amount of shared
variance between porosity and biological variables for stations Y6 and X6, but not for C6 and
06. Furthermore, the amount of unexplained variance, after consideration of physical and
biological parameters, was greatest for 06 (38.3%). This suggcsts a relative dominance of
physical controls at 06: factors such as wave-induced seabed strcs-. and hydrodynamic
reorientation of sediment grains probably comprised the major unmeasured variables affecting
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porosity.
10.2.3.2 Controls of Vp.Ratio.
For surficial marine sediments, P-wave velocity is primarily controlled by porosity. and frame
moduli and grain compressibility may be important additional variables (Jackson et al. 1980).
Vp (or Vp-ratio) has most frequently been correlated with sediment porosity and textural
parameters (Morgan, 1969; Akal, 1972; Anderson, 1974; Taylor Smith, 1974: Hamilton and
Bachman, 1982; Briggs et at, 1985). Best fit equations for Vp-ratio as a function of porosity are
illustrated in Table 10.6, and were found to be given by second-order polynomials, or power
functions. A strong relationship between Vp- ratio and porosity was found when all stations were
considered, as indicated by the scatter plot given in Figure 10.19.
Table 10.6. Best fit equations for compressional wave velocity ratio (Vp-ratio) as a function of
fractional porosity (n). Coefficients of determination (R 2) are given, along with significant
increases to R 2 with sand content incorporated in regression analysis (+R2) .
Station Best Fit Equations R2 +R2
All ~J-ratio = 1.58-1.44n+O.893n2 0.949 0.028
Muddy Vp-ratio = 1.53-1.33n+O.834n2 0.895 0.024
Sandy Vp-ratio = O.974n-O.178 0.483 0.211
Y6 V -ratio = O.965+0.245n-O.253n 2 0.416p
X6 V ratio - o963n-O.159 0.710p- .
C6 V -ratio = O.966n-O.179 0.708 0.042
n
06 V -ratio = 2.09-4.44n+5.22n 2 0.206 0.259p
Data from preliminary cruises indicated significant correlations between \'p - ratio and textural
parameters. The strongest correlation (r=0.927), was found in a comparison of sand content
determined from the grab survey (see Chapter 2) with Fp - ratio (for the upper 5 ern of the bed)
measured at stations along lines Y and X (despite the difference in sampling dates). The
inclusion of sand content in some of the equations in Table 10.6 improved their predictive power:
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Fig. 10.19 P-wave velocity ratio versus porosity, all data.
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increases to R2, where significant, are given under +R2• Inclusion of sand content produced no
significant increase to explained variance for station" Y6 or X6. and only a small change for
muddy stations or all stations combined. Relatively large improvement'. to explained variance
were found for sandy stations. For station D6 or sandy stations combined, Vp-ratio was actually
more strongly dependent on sand content than porosity.
A number of other empirical investigations have given second-order polynomials as the best fit
expressions relating Vp (or Vp- ratio) to porosity. Two of these expressions, corresponding to the
largest data sets, were compared with the equation for all stations in Table 10.6. These are given
below:
Vp-ratio = 1.631-1.78n+1.2n2
Vp-ratio = 1.641-1.54n+O.918n2
(Akal, 1972)
(Hamilton and Bachman, 1982)
Over the range of porosities used in correlations for this study (32.9% to 82.5%). the best fit
equation for all data gives Vp-ratio values 2.1% to 4.3% higher than those given by the equation
of Akal (1972). This may be a function of differences in texture, since the measurements of Akal
(1972) included sediments from a wide range of physiographic provinces: including abyssal
plains. where materials have much higher clay content and lower Vp- ratio than materials
considered in this study.
The equation of Hamilton and Bachman (1982) gives a closer fit to the best fit equation for all
data: Vp- ratio values given by the best fit equation are 2.5% lower to 0.37c higher. with values
being smaller for lower porosities, and slightly higher for higher porosities. A relatively close
match would be expected between these two expressions, since the Hamilton-Bachman equation
relates only to continental shelf and slope sediments, and sand contents for samples within either
data set are similar.
Biological processes should influence Vp-ratio primarily due to alteration of sediment porosity
(Richardson and Young. 1980). and may have a secondary effect due to modification of frame
moduli. or other factors associated with sediment compressibility. An as"cssment was made of
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secondary biological controls of Vp- ratio. Table 10.7 illustrates R2 values for the best fit physical
models (incorporating porosity and sand content). +R2 values represent the maximum significant
increase to R2 with biological parameters incorporated in the models.
Table 10.7. Secondary biological controls of compressional wave velocity ratio. Coefficients
of determination (R2) for best fit physical models, and maximum significant increases to R2 (+R2)
with biological variables incorporated in regression; including: carbohydrate content (CC),
bacterial numbers (BN), total organic matter content (TOM). polysaccharide content (PC) and
liquid phase carbohydrate content (LPC).
Station
All Muddy Sandy Y6 X6 C6 06
R2 0.952 0.887 0.745 0.465 0.527 0.692 0.498
+R2 0.007 0.015 0.097 0.095 0.297
Variable CC BN CC BN CC
Effect - - - - -
Other CC PC TOM LPC, PC
Values in Table 10.7 indicate that, in terms of the regional relationship. the unique variance
shared between Vp-ratio and biological variables was relatively small. This was also true for
muddy stations combined, and for muddy stations considered separately no significant result was
found. On the other hand, the unique variance accounted for by biological variables was
relatively large for sandy stations, particularly 06. This suggests that for muddy stations
biological processes influenced Vp- ratio through control of porosity (Section 10.2.3.1 ). but at
sandy stations an alternative control(s) was in operation. In all cases an increase of the relevant
biological parameter produced a decrease in Vp-ratio (and hence sediment compressibility).
10.2.3.3 Controls of Formation Factor.
As discussed in Section 3.2. empirical and theoretical studies han? shown electrical formation
factor to be dependent upon sediment porosity. Ff is commonly related to porosity through
Archie's Law (Archie 19-1-2) or Winsauer's Law (Winsuuer et al, 1952). gi\'c[1 in equations .3.29
and 3.30, respectively. Such relationships work best for individual sediment samples. When a
range of sediment textures is assessed, a number of workers have shown that a third-degree
polynomial gives a better fit to the FF-n relationship (Kermabon et al, 1969: Lovell. 198:').
For this study the dependence of FF on porosity was best represented by Winsauer's equation.
although for some data sets a second-order polynomial gave an equally good fit. The strongest
association between FF and n was found when all stations were considered together: this is
illustrated in the scatter plot given in Figure 10.20. Best fit expressions. and R2 values, for all
data combinations, are given in Table 10.8.
Table 10.8. Best fit expressions, and coefficients of determination (R 2) , for formation factor (FF)
as a function of fractional porosity (n).
Best Fit Equations
,Station ,-
All FF = 1.42 n-1.28 0.9-l9
Muddy FF = 1.38 n-1.33 0.932
Sandy FF = 1.36 11-1.32 0.510
Y6 FF = 1.70 11-0.86 0.378
X6 FF = 1.22 n-1.52 0.846
C6 FF = 1.05 11-1.55 0.619
06 FF = 1.49 n-1.21 0.350
Inspection of R2 values in Table 10.8 indicates that the amount of scatter in the FF-n relationship
varied widely between different data sets: being high for sandy stations combined, and for Y6
and 06. This suggests the existence of secondary controlling factors in these case .... such as
textural and biological controls of sediment tortuosity.
For multiple station correlations. prediction of FF \\'as not improved if sediment texture was
taken into consideration along with porosity. On a localized scale. prediction of FF could. in
some cases. be significantly improved if textural variables (sand and shell content) were
. W' I L For station Y6. incorporation of sandincorporated as power functions In msauer s aw.
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Fig. 10.20 Formation factor versus porosity, all data.
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content in the FF-n relationship accounted for an additional 16% of the variance of FF. Inclusion
of %Carb had a similar effect, but this was found to be due to covariation with F. For stations
,
C6 and D6, inclusion of carbonate content in regression analysis accounted for an additional
11.30/0 and 10.5% of the variance of FF, respectively; sand content however, was not a
significant controlling factor. In all cases an increase in the relevant textural variable was
associated with an increase in FF, suggesting that increased sand or shell content was related to
an increase in tortuosity. This may have been a direct influence, or may have been associated
with a reduction in biological activity.
Assessment was made of secondary biological controls ofFF. In addition to influencing porosity.
biological activities may lead to increased permeability through the formation of flow-paths
(Weaver and Schultheiss, 1983; Jones, 1991), or decreased permeability via the formation of
impermeable burrow linings (Meadows and Tait, 1989). Table 10.9 provides R2 values for
predictive equations incorporating physical parameters (porosity and texture), and the maximum
increases to R 2 found with biological variables included in regression analysis (+R 2) .
Table 10.9. Secondary biological controls of Formation Factor. Coefficients of determination
(R 2) for best fit physical models, and maximum significant increases for R2 (+R2 ) with biological
variables incorporated in regression; including: carbohydrate content (CC), bacterial numbers
(BN), and total organic matter content (TOM).
Station
All Muddy Sandy Y6 X6 C6 D6
R2 0.971 0.933 0.675 0.515 0.727 0.570 0.637
+R2 0.005 0.022 0.035 0.141 0.095 0.183 0.130
Variable TOM TOM TOM TOM CC BN BN
Effect - - - - +- -
Other CC. PC CC. PC
Table 10.9 indicates that the amount of unique variance shared between FF and biological
variables was relatively small for multiple station correlations. but much larger lor localized
correlations. with a maximum of 18..30'c.
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Few biological parameters displayed significant associations with FF. For multiple station
correlations, and for Y6, only TOM gave a significant result. For X6, only CC significantly
improved the predictive equation. For stations C6 and 06, BN produced the best increase for R2~
carbohydate and polysaccharide contents also produced significant results. but this was due to
covariation with BN.
An increase of the relevant biological parameter generally produced an decrease in FF, except
for station 06 where a positive relationship was identified. The disparity between findings at C6
and 06 is interesting. An inverse relationship between bacterial numbers and FF. as found at C6,
suggests the presence of greater bacterial numbers in higher permeability sediments. Such a
result has a logical explanation, since bacteria are likely to prefer well irrigated sediment due to
recirculation of nutrients and metabolic waste. However. the findings at 06 conflict with this
explanation, and create the need for an alternative hypothesis for the distribution of bacteria. It
should be noted that a similar result was found for vane shear strength at D6.
10.2.3.4 Controls of Vane Shear Strength.
The vane shear test is a 'quick' strength test, involving the sliding of one body of sediment on
another. The resistance encountered is the result of friction between particles. interlocking of
grains. electrochemical cohesion, and adhesion due to organic coatings on grains.
Shear strength measurements in surficial marine sediments. using penetrometer or vane shear
devices, have been reported by a number of investigators (eg. Buchan et al, 1966~ Rowe, 1974~
Bokuniewicz et al. 1975; Briggs etal, 1985~Meadows and Tait, 1986. 1989~ Faas, 1986). Shear
strength has been shown to increase with decreasing porosity and increasing sand content, and
to share complex relationships with biological activity. It usually displays an increase with depth
due to increasing overburden pressure and gradients in biological activity. Some studies have
reported no evidence of significant correlation hetween Su and other physical sediment properties,
suggesting that biologically mediated alteration of sediment cohesion i" the dominant control
(Briggs et al. 1985).
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Vane shear strength was predominantly controlled by overburden pressure (PrJ, and, to a lesser
degree, void ratio (e). These parameters will control the total area of grain-to-grain contact per
unit sediment volume (Bryan and Stoll, 1988). The dependence of S on P was best given byu 0 '-.
a log-log relationship, as indicated in Figure 10.21.
Void ratio was calculated from moisture content through use of equation 6.5. Overburden
pressure for each measurement depth (z) was computed by summation of overburden pressures
for each section sampled for moisture content, using the expression given below.
10.1
Where g is acceleration due to gravity, h is the thickness of core sections taken for moisture
content determination (1 em), and p I is the sediment submerged density given by:
10.2
where Go is specific gravity of the sediment grains. Calculated Po corresponds to a pre-test
pressure, since cores were sectioned prior to vane insertion.
Best fit expressions for vane shear strength as a function of overburden pressure and void ratio
are given in Table 10.10. When stations were considered separately, incorporation of a void ratio
term did not significantly improve the prediction of shear strength given by overburden pressure.
Inclusion of textural variables (i.e. sand and carbonate content) in regressions did not improve
the prediction of Su given by the equations in Table 10.10. However, in some instances. sand
content and void ratio were equally strong secondary controls, after the primary control of
overburden pressure was accounted for.
The simple physical models for Su given in Table 10.10, provided the hasis for an examination
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of secondary biological controls. Table 10.11 illustrates R2 values for best fit physical models.
and the maximum increase to R2 with a biological variable included in regression (+R2) .
Table 10.10. Best fit equations and coefficients of determination (R21for vane shear strength (S, 1
as a function of overburden pressure (PrJ and void ratio (e).
Station Best Fit Equation R2
All S =3 71P 0.729 e-O.933 0.837/I • 0
Muddy s, =2.80PoO.86e-0.232 0.821
Sandy s, =4.35PoO.807 e-O.844 0.804
Y6 SU =2.48PoO.885 0.797
X6 S =2 83P 0.963 0.828u • 0
C6 S =5 99P 1.03 0.853/I • 0
D6 SU =6.30PoO.831 0.711
Table 10.11 Secondary biological controls of vane shear strength. Coefficients of determination
(R2) for best fit physical models, and maximum significant increases for R2 (+R2) with biological
variables incorporated in regression; including: carbohydrate content (CC l. bacterial numbers
(BN). and total organic matter content (TOM).
Station
All Muddy Sandy Y6 X6 C6 06
R2 0.870 0.818 0.785 0.723 0.875 0.790 0.628
+R2 0.029 0.025 0.061
Variable CC TOM BN
Effect + + +
Other TOM
Table 10.11 indicates that significant secondary biological controls \H?rC only identified for a
small number of data combinations. With all stations considered. inclusion of CC or T() \ 1 in
regression produced a significant increase to the prediction of S; given hy phySIcal parameters
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Fig. 10.21 Shear strength versus overburden pressure, all data.
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alone. CC gave the highest +R2, and the influence of TOM was related to covariation with CC.
For station Y6, inclusion of TOM in regression produced a significant +R'2. The greatest +R'2 was
found for D6, where BN was a significant secondary control. In all cases an increase of the
relevant biological variable produced an increase in Suo
Most of the variance shared between S; and biological variables was related to covariation with
e: when biological variables were included in regressions of Su on Po, for multiple station data
sets, increases to explained variance were generally significant, and correlation coefficients were
negative, rather than positive.
10.3.2.5 Controls of Dynamic Shear Modulus.
Shear wave velocity is dependent upon little else other than the dynamic shear modulus (rigidity)
of the sediment frame (Taylor Smith, 1986). It is for this reason that measurement of V, is of
value in engineering and sedimentological applications. Assuming sediment behaves in a
linearly elastic fashion, V, and dynamic rigidity are simply related through equation 2.2. This
section considers the physical and biological controls of dynamic rigidity. for sediments from the
study area.
Bryan and Stoll (1988) have postulated that the dynamic shear modulus (Ci) of an unlithified
sediment will be proportional to the number of grain contacts per unit volume, a function of void
ratio, multiplied by the average area per contact, a function of effective stress (0 0 ' ) . Using
laboratory data, they suggested that the pressure dependence of shear modulus could be
approximated by a power function, and that shear modulus would decay exponentially with
increasing void ratio. From these assumptions they produced equation 2.20.
By converting equation 2.23 to a dimensionless form and taking its natural log. the expression
given below is produced.
10.J
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Where the reference pressure Pais usually taken to be 1 atmosphere.
Using the Bryan-Stoll equation in its above form, values for the three constants, G1 . III and b, can
be obtained through linear multiple regression analysis. The orientation of the resulting
regression plane can be depicted by a pair of 2-D normalized plots showing InG-nllna 0' versus
e, and InG+be versus lno0'. Bryan and Stoll (1988) showed that a single set of constants could
be used to define the variation of G with 0 0 ' and e, for a wide range of sediment textures.
including sands, silts and clays.
An assessment was made of the applicability of the Bryan-Stoll equation for prediction of
dynamic shear modulus calculated from S-wave velocity measurements made on core samples
from the study area. Effective stress was estimated from overburden pressure using the
expression given below, as suggested by Stoll (1991).
a ' =
o
1+2K
___op
3 °
IDA
Where K; is the coefficient of earth pressure 'at rest', which is normally in the range of 0..+ to 0.7.
This gives a mean value of 0.7 for a Po multiplication factor, which was employed in the analysis.
Table 10.12 illustrates the best fit equations, obtained from multiple regression. for G as a
function 0
0
' and e, together with the equation obtained by Bryan and Stoll (1988). R2 values
given in Table 10.12 indicate a relatively poor fit for G as a function of 0 0 ' and e when all
stations are considered together, although the empirical constants are similar to those derived by
Bryan and Stoll (1988). Inspection of the 2-D graphs associated with the regression surface
(Figs. 10.22 and 10.23) indicates that data points do not follow the well defined linear
relationship illustrated by Bryan and Stoll (1988). The lnG-nln a 0' versus void ratio plot (Fig.
10.22). in particular, illustrates a non-linear relationship, and appears to comprise two distinct
populations: one corresponding to muddy stations, and a second corresponding to sandy stations.
The separation of textural zones in terms of rigidity has been considered in Section 9. ~ .4, in an
appraisal of between-station variation of V,. In generaL the Bryan and Stoll (1988) equation
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Fig. 10.22 InG- n.lno,' versus void ratio, all data.
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overestimates G for muddy samples, and underestimates G for sandy samples. It is clear that the
accuracy of predictive equations for G is improved when data is separated into individual stations
or textural zones.
Table 10.12. Equations and coefficients of determination (R2) for dynamic shear modulus (G)
as a function of effective stress (0 0 ') and void ratio (e), calculated using the method civen bv
'- .
Bryan and Stoll (1988).
Station Best Fit Expression R2
Bryan-Stoll G =2526 (oo'/PrJ°.45 exp (-l.5e) 0.949
All G = 1978 (oo'/P
a)O.61.+ exp (-l.33e) 0.715
Muddy G =132 (oo'/P
a
) 0.504 exp (-0.48e) 0.915
Sandy G =30180 (oo'/P
a)O.895 exp (-2.12c) 0.809
Y6 G =156 (oo'/P
a)O.597 exp (-0.31e) 0.033
X6 G = 140 (oo'/P
a)O.327 exp (-1.37e) 0.859
C6 G =9452 (oo'/Pa)1.15 exp (-l.08e) 0.782
06 G =49021 (oo'/Pa ) I.04 exp (-1.22e) 0.928
Equations in Table 10.12 indicate that naturally occuring sedimentary beds, under very low
effective stresses, can have a much more varied dependence on pressure and void ratio than
suggested by the generalized equation of Bryan and Stoll (1988). The disparity can be largely
explained through consideration of some fundamental differences between the two studies:
1. The method of determining shear modulus differs for the two data sets: Bryan and Stoll
extracted data from resonant column results. whereas core analysis utilised the
propagation and detection of transient shear wave pulses.
2. Bryan and Stoll studied sediments under a higher and much larger range of effective stress
(2'+ to 700 kPa) than in this study, for which maximum estimated 0 0 ' was just 1.2 kPa.
J. The Bryan-Stoll data set originates from laboratory studies of relatively homogeneous
sediment samples, in which the material was disturbed from its original state. During core
studies emphasis was placed on maintaining material in a condition as close to it-. in situ
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state as was possible. Cores displayed textural heterogeneity, as evidenced by the
distribution of large shell fragments.
The clear distinction between muddy and sandy areas suggests a secondary control of dynamic
rigidity related to texture. For comparison, equations given in Table 10.12 are presented in the
Bryan-Stoll format, however, for many subsets of data the contribution of void ratio in predictive
equations was insignificant, and sand content was a more dominant control. In all instances a 0'
was the dominant control of G~ this being consistent with the strong depth-dependence of F"
discussed in Section 7.3.
For all stations combined, 50% of the variance of G was accounted for by variance of 0 0 ' . Void
ratio accounted for an additional 21.5%, but sand content accounted for an additional 29.2%. l'
was not a significant predictor variable when both 0 0 ' and F, were incorporated in regression.
For muddy stations combined, a0' accounted for 82.1 % of the variance of G. An additional
9.4% was accounted for bye. When F, was incorporated in the Bryan-stoll analysis an additional
1.5% of the variance of G was explained, and all predictor variables made a significant
contribution. For station Y6, 90.50/0 of the variance of G was explained by variance of a 0'· l'
accounted for an additional 2.7% of the variance, and F, accounted for an additional 4.20/0. e was
not a significant control when F; was incorporated in the predictive equation. For X6, a0'
accounted for 83.4% of the variance of G: e was not a significant control, but F, accounted for
an additional 5.2% of unique variance. For sandy stations, considered separately or together. a0'
was the only significant physical control of dynamic shear modulus; accounting for 77.9('/(' of the
variance for C6, 92.6% for D6, and 79.6% for stations combined.
Tn all cases an increase in sand content was associated with an increase in rigidity. 0'rCarb
displayed no secondary control of G, other than that due to covariation with Fs• In summary,
overburden pressure was the dominant control of dynamic rigidity for sediments examined in this
study, and sand content was generally a more dominant secondary control than void ratio.
Although biological activity will be intimately related to sediment depth, void ratio, and texture,
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additional, secondary biological controls of rigidity may exist due to the influence of biopolymers
on intergranular contact forces. Multiple regressions. for measurement'> in the upper 11 em of
sediment, were conducted in order to identify any secondary biological controls. superimposed
on the physical controls already identified. Results are presented in Table 10.13.
Table 10.13. Secondary biological controls of dynamic shear modulus. Coefficients of
determination (R2) for best fit physical models, and maximum significant increases for R2 ( +R2)
with biological variables incorporated in regression; including: carbohydrate content (CC). total
organic matter content (TOM), polysaccharide content (PC) and liquid phase carbohydrate
content (LPC).
Station
All Muddy Sandy Y6 X6 C6 06
R2 0.824 0.913 0.809 0.928 0.817 0.805 0.896
+R2 0.022 0.022 0.063 0.047
Variable LPC PC TOM CC
Effect - - - -
Other PC,CC
With all stations considered, secondary biological controls were identified. With carbohydrate
content incorporated in analysis. the best predictive equation was given by G as a function of 0 0 '
and CC. Inclusion of additional physical parameters was insignificant. an' accounted for 51.2%
of the variance of G, and CC accounted for an additional 31.8%. This included variance shared
with other physical parameters and a small amount of unique variance. With regard to LPC and
PC. the best predictive equations included 0 0 ' , the relevant biological variable, and sand content.
The unique variance shared between G and biological variables was 0.60~ for CC, 1.70/(' for PC
and 2.2(lc' for LPC. No other biological variable gave a significant secondary control. CC, PC
and LPC were considered to be the parameters most closely related to EPS. suggesting a direct
link between the amount of mucous in the sediment and its rigidity.
For Y6 or muddy stations combined, no secondary biological control wa» identified. with all the
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explained variance of G being accounted for in terms of physical variables. For station X6, G
was controlled only by a0' with regard to physical properties, but inclusion of TOM in regression
analysis accounted 6.3% of unique variance. For sandy stations combined or treated separately.
the only significant physical control of G was a0'. Significant improvements to predictive
equations with inclusion of a biological variable, were found for station C6 and for data
combined, but not for D6. In all cases, an increase in the relevant biological variable was
associated with a decrease in dynamic rigidity, suggesting some form of 'lubrication' of grain
contacts. This will be considered in the discussion given below.
10.2.3.6 Summary and Discussion.
After a consideration of established relationships, basic physical models were formulated to
account for the variation of n, Vp-ratio, FF, S; and V" These provided the foundation for an
analysis of secondary biological controls of bed structure. Where significant secondary controls
were identified, increase of the relevant biological variable was generally associated with
increasing porosity and Su' and decreasing Vp- ratio, FF and V"
Variation of porosity can be largely explained by variation of sand content and depth. However,
for some subsets of data, a unique amount of variance of porosity is accounted for by variance
of biological parameters, particularly carbohydrate content. Secondary biological controls were
identified on a regional and zonal scale, but on a localized scale were only identified for muddy
stations. This may be due to the increased importance of physical mechanisms and reduced
influence of biological processes at sandy stations. Biological properties also display covariation
with sand content and depth. Biological modification of texture is probably another important
control of porosity: Mitchell (1993), in a preliminary investigation of the benthos of the study
area, reports evidence of biological sorting of grain sizes (Chapter ~).
V - ratio was modelled as a function of porosity. For sandy stations, prediction of \'p- ratio wa«
p
improved if sand content was also considered, and relationships between \ 'p - ratio and F; were
actually stronger than relationships with n. Significant secondary biological controls of \ 'p - ratio
were identified for sandy stations but not for muddy stations. This suggesh that at muddy
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stations biological processes control Vp- ratio via control of porosirv, but at sandy stations an
- -
alternative control is in operation.
FF was modelled as a power function of porosity. Textural and biological variables may also
influence FF due to their influence on tortuosity of the pore space. For station Y6, incorporation
of F; improved the physical model; for stations C6 and 06, inclusion of 9CCarb improved the
physical model. In all cases an increase of the textural variable was associated with an increase
in FF, suggesting an increase in tortuosity. For all data combinations, predictive models were
improved if biological parameters were incorporated. In general, increase of the relevant
biological variable was related to a decrease in FF, however. for station 06 increase of either BN.
CC or PC was related to an increase in FF. This may be indicative of different biological
processes in operation at different stations. It is known that biological reworking can increase
permeability due to the formation of flow-paths (Jones, 1990~ Weaver and Schultheiss), however,
permeability may also be reduced due to the formation of impermeable burrow linings (Meadows
and Tait 1989).
S; was modelled as a function of overburden pressure and void ratio. On a local scale void ratio
was not a signficant control, and variation of S; was well represented by variation of Po' On a
regional scale and for stations Y6 and 06, incorporation of certain biological variables produced
increases in explained variance. In simple bivariate correlations, S; displayed negative
relationships with biological variables, which were related to covariation with void ratio.
However, when biological variables were incorporated into physical models, correlation
coefficients were always positive. This suggests that biological products present in the sediment
could act as organic cements, increasing the binding force between mineral grains. Previous
studies have illustrated increased shear strength in the vicinity of animal burrows (Rowe, 197..l;
Meadows and Tait, 1985), which is thought to be partly a result of sediment compaction. and
partly due to mucous binding by microbes (Aller and Yingst. 1980).
For a sediment bound by an organic cement, failure when stressed may occur in the cement or
at the cement-particle interface. The tensile strength per unit area of sediment cross-sect ion will
be a function of the average bond strength per contact zone (P), and the packing arrangement of
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grains. P will depend on the tensile strength of the bonding agent or the interfacial bond, and the
average area of bonding per contact zone. Relationships between such properties can be simply
defined for packings of spheres, but will be much more complex for real sediments \~litchell,
1976).
Dynamic shear modulus was modelled using the method described by Bryan and Stoll (1988),
which incorporates effective stress (estimated from Po) and void ratio. For sediments from the
study area, predictive equations were improved when stations or textural zones were treated
separately. In many cases void ratio was not a significant control, and sand content was a more
relevant predictor variable after effective stress was accounted for. When biological variables
were incorporated into physical models, significant secondary controls were identified on a
regional scale, for sandy stations combined, and for stations X6 and C6. In all cases increase of
the significant biological parameter was related to a decrease in G.
Secondary biological controls of dynamic shear modulus can be explained through consideration
of sediment texture and fundamental physical controls. A high proportion of sand was present
in most collected samples, and mud fractions were primarily composed of silt. Therefore, if such
sediments were abiotic, grain-to-grain contacts would be generally dominated by frictional, rather
than cohesive, forces. The response of the skeletal mineral framework to small amplitude
shearing vibrations is a direct result of the normal and tangential compliances at each
intergranular contact (Stoll, 1986). Reduction of dynamic shear modulus with the increase of
various biological parameters, can be interpreted as the interruption of frictional grain-to-grain
contacts by biogenic products which coat grain surfaces, and a subsequent increase in
intergranular compliance.
SlI and G, although related to sediment behaviour at very different strain amplitudes, should be
dependent on similar properties of the mineral framework. This has been substantiated by recent
empirical studies (Baldwin et al, 1991: Theilen and Peeher, 1991), and by correlations of Su and
V, found in this study (sec Section 10.2.2.1). Although secondary biological controls were only
identi fied for both SlI and G on a regional scale, it is interesting to consider the disparity with
rczard to the influence of these controls: i.e. increasing significant biological parameters lead
b
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to an increase in Su and a decrease in G. This suggests an increase in intergranular bond strength
and simultaneous increase in compliance due to the presence of biogenic sediment fractions. In
simple terms, it becomes more difficult to break sediment grains apart. but easier to push them
together or slide them relative to one another without actually breaking the bond between them.
It should be borne in mind, however, that these are secondary controls. The most dominant
biological control of S; and G is probably related to modification of void ratio. which will
influence both physical variables in a similar manner.
The secondary biological controls of Su and G may represent the direct influence of mucous
exopolymers (EPS) on properties of the mineral framework. CC, LPC and PC were considered
to be the biological variables most representative of the quantity of EPS in the sediment. These
tended to be the most dominant secondary controls with regard to G. The effect of EPS on G is
largely dependent texture: in clay rich substrates G is directly related to cohesion which EPS will
enhance.
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CHAPTER 11.
Conclusions.
11.1 Introduction.
This chapter provides a critical appraisal of the study: it highlights the major discoveries, and
considers any shortcomings. A number of questions are pertinent at this point:
•
•
•
What aspects of this research make it original?
Have the objectives been achieved? Was the proposed methodology successful?
What future research should be undertaken, in order to extend the knowledge acquired from
this study?
The following discussion summarizes the major findings of the study before considering the
questions presented above.
This study was implemented in order to augment understanding of the physical and geophysical
properties of shallow water, surficial marine sediments. Specifically, the study aimed to make
assessments of spatial and temporal variability, and examine the complicated network of
interrelationships between physical and biological sediment characteristics. This information
would assist the development of sediment resuspension and water quality models in subsequent
projects. Furthermore, knowledge of surficial sediment acoustic properties is necessary for
geoacoustic models of the seabed (Richardson, 1986).
A strategy was proposed which focused on the collection and analysis of relatively undisturbed
sediment cores. A diverse range of physical and biological parameters were measured, including:
sand content (FJ; carbonate content >63 urn (~Carb); moisture content (w); vane shear strength
(SLJ); compressional wave velocity ratio (Vp- ratio); shear wave velocity ( \ 'J: electrical formation
factor (FF); total organic matter content (TOM): bacterial number (8:\): total carbohydrate
content (CC): liquid-phase carbohydrate content (LPC): and polysaccharide content (PC).
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Muddy sands and sandy muds were of particular interest to this project; deposits of this type are
biologically and chemically active and also undergo intermittent transport. The volume of pre-
existing literature on such deposits is surprisingly scarce, considering their importance with
regard to biogeochemical cycling. A shallow water site was chosen with a range of sediment
textures, including muddy sands and sandy muds. Most sampling was conducted at four stations
(Y6, X6, C6, D6) positioned along an east-west (approximately shore-normal) transect. 4.6 km
in length. Water depth decreased and sediment became coarser with distance onshore; from
sandy muds at Y6, through muddy sands at X6, to sands at D6. Variation in surficial sediment
texture was predominantly due to grading by wave action.
11.2 Sediment Variability.
This project was chiefly an investigation of sediment variability. Variability should be
considered in any model of the seabed. On a regional-scale, variation in water depth and
sediment texture was coincident with variation in properties related to bed structure: moisture
content displayed a reduction with distance onshore, whereas S; and geophysical parameters
displayed an increase. All biological parameters decreased with distance shoreward.
Depth variation of physical sediment properties was investigated for the upper 20 ern of the bed.
For biological parameters, depth variation was investigated for the upper 12.5 em. Physical
properties exhibited marked vertical variation. Moisture content displayed a reduction with
depth, whereas shear strength and geophysical properties displayed an increase. This was largely
due to increased compaction with depth rather than textural variation, although sand content was
smaller for near-surface depths. Measurements of carbonate content at sandy stations revealed
the existence of shell laminae at depths in excess of :) em. Biological sediment characteristics
tended to display a reduction with depth, but vertical variation was less evincive (primarily due
to a higher degree of temporal variability relative to vertical variability). The level of variability
in sediment properties, with both depth and time, was commonly greatest within the upper 5 em
of the bed, indicating a near-surface zone of enhanced acti vity.
A major component of this study was an extensive, high resolution examination of shear wave
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velocity gradients in near-surface sediments. Depth variation of V, is most dramatic within the
upper few ern of the seabed. This is apparent when gradients measured in this study are
compared with those reported by previous researchers, who have made measurements over larger
depth intervals (e.g. Hamilton, 1976~ Richardson et al. 1991). Strong gradients were particularly
apparent for sandy stations; this being the result of low rigidity near-surface sediment, and high
rigidity, well packed shelly sediment at depth.
A signal of seasonal variation in physical sediment properties was identified at muddy -tations:
moisture content generally exhibited high values during spring, and low values during summer
and autumn; other physical parameters displayed low values during spring and high values in
summer and autumn. Similarities between physical and biological time series suggest a
biological origin for this pattern; with greater biological activity during spring producing beds
of relatively low porosity. Textural variation may also have been a significant control: relatively
high proportions of fine-grained material occurred in spring. suggesting higher rates of deposition
relative to resuspension. Alteration of depositional rates may have been biologically induced.
A seasonal signal was not apparent for sandy stations: this probably being due to a greater
significance of physical mechanisms, and the decreasing effect of biological processes.
Times series displayed a dramatic change in sediment properties which was common to all
stations: in spring 1995, particularly May. all stations displayed high levels of biological activity,
probably associated with a spring bloom. This was generally accompanied by relatively high
porosities, and small values for other physical parameters. At muddy stations, vertical variability
of sediment properties was greatest in spring 1995. This was due to high moisture content and
low sand content within the upper 5 ern of the bed. Providing further evidence for a near-surface
zone of enhanced activity.
Localized variability of structural bed properties was predominantly due to variation with depth,
rather than variation with time. Textural and biological parameters tended to display less
difference between amplitudes of vertical and temporal variability, however, for muddy <rations.
localized variability of some biological parameters (BN, LPC and PC) \\<lS dominated hy
variation with time.
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Amplitudes of localized variability displayed some distinct differences between stations
Localized variability of sand and moisture content was by far the highest at station Y6, however,
localized variability of S; and geophysical parameters was highest at sandy stations (C6 and D6).
Localized variability of %Carb was also strongest at sandy stations, due to the patchy distribution
of shell laminae. Physical parameters contingent upon properties of the mineral framework (Su
and VJ displayed similar patterns of between-station variation in amplitudes of localized
variability, as did physical parameters dependent on the size of the pore-fluid matrix (\'p- ratio
and FF).
Large-scale lateral (regional) variability of sediment properties (length scales of 102 to 103 m) can
be highly significant, but this will depend on variation in sediment texture. The primary
sampling transect displayed a high level of regional variability since it incorporated a wide range
of textures. However, where texture displayed a lesser degree of heterogeneity, between-station
variability was less significant. For instance, a preliminary examination of a 7.7 km 2 area of
relatively muddy sediment (along lines Y and X) indicated no difference between large- and
small-scale lateral variability of Suo Between-station variation of Vp- ratio was significant in this
area, indicating that regional variability will depend on the property being measured.
Regional variability of physical bed properties was generally greater than total localized
variability. However, regional and localized variabilities were similar for (/;Carb and Suo S;
exhibited high localized variability due to strong depth variation; Vs also illustrated a relatively
high degree of within-station variability due to strong depth gradients. Sand content and Vp- ratio
exhibited a relatively high degree of variability between stations. Between-station variability of
all bed properties varied as a function of depth and time, due to station-specific patterns and
amplitudes of vertical and temporal variability.
The significant variability of sediment properties that has been described. stresses the importance
of considering variability in any model that requires information on seabed characteri stics (e.g.
sediment resuspension or geoacoustic models). The following discussion considers discoveries
associated with the analysis of interrelationships between different sediment properties.
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11.3 Interrelationships between Sediment Properties.
Bivariate correlations indicated a large range of significant results for various combinations of
data. Strong relationships between physical variables indicate proficient experimental
procedures, and provide confidence in the subsequent multivariate analysis.
Where significant correlations were identified, moisture content exhibited negative relationships
with other physical parameters, and positive relationships with biological parameters; physical
parameters other than w, displayed positive relationships with each other, and negative
relationships with biological parameters; and biological parameters displayed positive
relationships with each other.
For correlations between strength / geophysical parameters, a relatively high degree of
association was identified for Vp- ratio - FF relationships. and for Su - V, relationships. This was
expected, since the former pair of parameters are dependent on the relative size of the pore-fluid
matrix, and the latter pair are controlled by properties of the mineral framework. On a local scale
relationships between S; and V, were stronger for muddy stations than for sandy stations. This
is not surprising since the vane shear test is designed for use in fine-grained materials.
TOM, CC, LPC and PC, tended to give relatively strong correlations with H', Fs' Vp- ratio and FE
and weaker correlations with S; and Vs. BN tended to give stronger correlations with Su and V,.
For H', F; Vp-ratio and FF, the highest correlations with biological parameters were given by CC
and TOM. The strongest bivariate correlations between physical and biological parameters were
given by TOM - FF relationships. This suggests that FF effectively describes a property of the
pore-fluid matrix sensitive to biological modification.
For surficial muddy sands. a relatively small change in the sand- mud ratio can be associated with
transition from a high strength / rigidity mineral framework to a 10\\' strength / rigidity mineral
framework. Differences in mean values recorded at stations C6 and X6 illustrated that a
reduction in sand content from 84'/, to 61% was associated with a reduction in Su from 5.8 to 2.3
kPa. a reduction in \'s from 47 to 17 ms', and a reduction in G from ..+.3 to 0.5 MPa. This may
be explained by a conceptual model of muddy sand bed structure: At higher sand contents, fine-
grained material is incorporated within the interstices of the rigid sand matrix; at lower sand
contents fines begin to occur at intergranular contacts between sand grains. thus disrupting the
sand matrix.
The generalized equation of Bryan and Stoll (1988) was unsuitable for application to the surficial
marine sediments examined in this study: it tended to overestimate G for stations Y6 and X6.
and underestimate G for stations C6 and 06. This is further evidence of a textural dependence
of rigidity in muddy sands under very low confining pressures.
Testing of a seabed penetrating sediment probe with falling arms for the location of sensors
(SAPPA), has illustrated its validity for making in situ measurements of Svwave velocity in soft
substrates. Unfortunately, due to poor weather conditions. few measurements were made using
this device. Results collected for station Y6 suggest that in situ V is greater than \Is measured
in sediment cores: for May 1995, mean in situ V" exceeded mean core V by 23C/ (' . This is
expected due to sediment disturbance during coring and core processing.
It is difficult to establish cause and effect relationships with reference to the bivariate correlations
identified, due to complex interaction between textural, biological and structural bed properties.
Multivariate analyses were implemented with the primary objective of establishing links between
structural and biological properties. Basic physical models were constructed to account for
variation of n, Vp- ratio, FF, S; and V". Biological variables were incorporated into these models,
and those which produced a significant increase to explained variance were interpreted as being
secondary controls of bed structure. Where significant secondary controls were identified.
increase of the relevant biological variable was generally associated with increasing porosity and
511 , and decreasing Vp- ratio, FF and V".
On a local scale, significant secondary biological controls of n were identified at muddy stations
but not sandy stations, whereas secondary controls of \'" - ratio were identified at sandy stations
but not muddy stations. This suggests that biological control of \'p- ratio is due to control of
porosity in the case of muddy stations. but for sandy stations an alternative control was in
operation. For both nand Vp-ratio, biological processes will also be important due to their
influence on sediment texture.
For FF, significant secondary biological controls were identified for all combinations of data.
The increase of biological variables was generally associated with an decrease in FF, except for
station D6, where an increase was observed. This infers that biological activity increased
permeability (probably due to the formation of flow-paths), except at station 06 where activities
resulted in decreased permeability. This can occur if organisms produce impermeable burrow
linings (Meadows and Tait, 1989).
Where secondary biological controls of S; were identified, increase of the relevant biological
variable resulted in an increase of Suo This will be associated with the binding of sediment grains
by biogenic compounds. Where significant results were identified for G, however, the opposite
was observed, with increases in relevant biological variables producing a decrease in G. This
may be explained by the disruption of frictional intergranular contacts and an increase in
compliance, due to the presence of biogenic materials. These influences are, however, secondary
controls; biological modification of S; and G will be predominantly due alteration of sediment
porosity.
11.4 Considerations for Future Sampling Programmes.
The evaluation of sediment variability that this study offers. provides information which can
assist the design of future sampling strategies. For any sampling programme, the investigator
must strive to obtain the best appraisal of bed characteristics with the minimum expenditure of
time and effort. Hence, with consideration of project limitations, the investigator must draw up
a hierarchy of sampling priorities.
Lateral variability of sediment properties will be important on kilometre scales. This, however,
depends on the parameter being measured, and on the area of seabed examined. A more accurate
assessment of the importance of large-scale lateral variability will be obtained if the distribution
of sediment texture is known. This is illustrated from the preliminary examination of lines Yand
2S6
X. In this region, large-scale lateral variability of S; was no greater than small-scale lateral
variability; suggesting that the entire survey area could be adequately characterized by cores from
a single station. For Vp - ratio, however, between-station variation was important.
Evidence from lines Y and X, suggests that the physical 'labelling' of stations will be better
accomplished using Vp-ratio, rather than Suo This is further evidenced with consideration of the
variation of properties between stations C6 and 06: it was observed that between-station
variation was significant for Vp- ratio, but not for SU' V, or FF.
When considering large-scale lateral variability, it will be important to note that. for surficial
muddy sands, rigidity and shear strength can display a dramatic alteration for a small change in
fines content. Variation between stations C6 and X6, suggests that it may be useful to increase
sampling intensity along textural gradients, between sand contents of about 60% to R4%.
It is important to consider vertical variability, particularly for properties related to the strength
and rigidity of the mineral framework, since these tend to display strong depth variation.
Similarity of CVV and OME values for some biological parameters (CC, LPC and PC), suggests
that monitoring depth variation may be of little value, and collecting a number of bulk samples
may be adequate for site characterization.
The similarity between CTV and OME values, suggests that neglecting the time variation of
sediment properties, in models of the seabed, may have relatively insignificant consequences.
This is particularly valuable since it negates the requirement for multiple cruises: shipboard time
is likely to be the most costly aspect of a sampling programme. If temporal variability is
incorporated into a sampling regime, it may be beneficial to concentrate on variation within the
upper 5 em of the bed. since this is where the greatest degree of temporal variability was
identified.
As models of bed properties become more advanced, incorporating temporal variability may
improve accuracy. This may be particularly important for muddy stations. where a seasonal
signal was identified. which was associated with enhanced biological activity in spring.
2~7
Predicting when bed properties will change, and to what extent they will change is difficult, since
the seasonality of biological processes will alter from year to year. This is evidenced bv
differences in sediment characteristics for May 1994 and May 1995. Monitoring extraneous
variables such as meteorological and oceanographic conditions, may help predict planktonic
blooms, which will lead to increased benthic activity and subsequent alteration of bed properties.
11.5 Critique.
Since the major findings of this study are now detailed, the questions posed at the beginning of
this chapter can be addressed. Firstly, a number of features, either singularly or linked together,
make this study unique. These include:
• The multidisciplinary nature.
• The large and diverse suite of measured sediment properties.
• The scales of temporal and spatial variability incorporated.
• The emphasis on naturally deposited sandy muds and muddy sands.
The successfulness of the strategy employed is evidenced by the large number of significant
relationships that were discovered. The high degree of variability encountered when studying
natural sedimentary deposits, hinders the discovery of significant interrelationships. The quality
of the results obtained are indicative of diligence during sample preparation and analysis, and
painstaking processing of data. The identification of a seasonal signal is quite an achievement,
considering the length of the time series involved. This study has successfully applied a
multidisciplinary approach, insofar that it has taken physical and biological measurements. and
identified significant interrelationships.
Regarding future work, the following areas are applicable.
•
Controlled laboratory experiments in order to validate correlations between biological and
physical parameters, particularly sediment rigidity and the quantity of mucous
polysaccharides.
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• Further development of SAPPA. This could provide a valuable research tool and have
commercial potential.
• Investigations of correlations between geophysical properties, particularly rigidity. and
erosion resistance (presently underway at U.W.B.).
• Formulation of new models of surficial sediment rigidity, since the Bryan-Stoll equation is
inadequate. Furthermore, investigation of the transition from a high-strength mineral
framework to a low-strength mineral framework, in order to gain greater precision in
predicting when this transition will occur.
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Appendix A.
Additional Tables.
This appendix presents tables referred to in Chapters 6, 7,8,9. and 10, including:
Table AI. Specific gravities for mud and sand fractions for each primary station.
Table A2. Coefficients of vertical and temporal variation.
Table A3. Temporal variation of coefficients of vertical variation.
Table A4. Descriptive statistics for all measured properties at primary stations.
Table AS. Temporal variation of coefficients of regional variation.
Table A6. Bivariate correlation of all measured parameters.
Table At. Specific gravity values for sand (GJ and mud (Gill) fractions for all primary stations.
Station
Y6 X6 C6 06
Gs 2.706+0.017 2.661±O.004 2.675±O.005 2.678±O.010
Gm 2.729+0.023 2.708±O.030 2.712±O.O43 2.714±O.O32
Table A2. Percentage coefficients of variation for vertical variability (CVV) and temporal
variability (CTV). For physical parameters coefficients are calculated for two depth ranges: the
first corresponds the full range over which an adequate number of measurements were made; the
second corresponds to measurements in the upper 12.5 em, allowing comparison with biological
parameters. Values in 'All' columns are mean coefficients calculated from individual sampling
periods (in the case of CVV) and depth-levels (in the case of CTV). Values in 'Mean' columns
are coefficients calculated from the mean profile (for CVV) or the mean time series (for CTV).
Significant differences between vertical and temporal coefficients are denoted by * adjacent to
the largest coefficient. Errors correspond to 95% confidence intervals.
Sand Content.
Station Depth %CVV CftCTV
em All Mean All \lean
Y6 20 18.6±6.2 12.4 18.0+5.) 10.5
12.5 18.7±7.3 13.6 17.8±1.) 12.9
X6 20 7.5+6.5 4.8 8.6+5.5 6.1
12.5 8.1+8.8 4.5 10.7+9.7 7.9
C6 20 4.5+2.1 3.6 3.4±1.1 2.6
12.5 2.5+1.2 1.8 2.9±1.7 2.4
D6 20 4.1+1.0 3.3 4.4±0.6 3.3
12.5 2.9+1.1 1.7 4.3±1.0 3.)
Moisture Content.
Station Depth %CVV (;CTV
em All Mean All Mean
Y6 20 29.0+21.6 24.3 18.4±6.9 11.8
12 29.9+23.1 24.8 24.2+ 12 17.4
X6 20 18+3.4* 17.1 6.6+ 1.2 3.1
12 12.4+2.4* 11.7 7.4+1.2 4.7
C6 17 17.9+ 10.2* 17.5 8.2±2.9 6.4
12 14.9+7.8 14.1 9.6+4.5 9.0
D6 16 15.1+3.3* 13.9 9.2+1.5 6.6
12 14.6+4.4* 13.9 9.2±2.3 7.7
Carbonate Content.
Station Depth %CVV 0CCTV
em All Mean All Mean
Y6 20 22.4+6.2 13.2 31.8±6.6* 2.5.2
12.5 22.7+9.9 10.3 32.2±10.8 2-+.8
X6 20 14.5+4.7 6.2 20.7±-+..5 1.5 .5
12.5 14.4+9.5 7.8 18.9+5 ..5 12.-+
C6 20 36.1 +23.1 3-+.5 22.1±13.1 21.0
12.5 14.2+9.3 10.2 16.0±11.2 12.0
D6 20 60.9+34.0 34.5 50.0±32.5 32.3
12.5 57.2+39.6 39.8 63.0±.5-+.3 -+7.8
Vane shear strength.
Station Depth %CVV ()(,CTV
em All Mean All Mean
Y6 20 52.6+11.2* 50.4 31.9±9.6 20.5
12.5 55.2+9.4* 51.1 32.7+19.6 21.9
X6 20 52.1 +4.0* 49.2 28.8±11.5 17.0
12.5 63.9+12.8* 63.7 32.3±20.9 18.0
C6 20 63.1 + 15.0* 60.9 31.3±12.0 26.0
12.5 52.0+18.0 51.9 30.4±21.0 27.1
D6 20 57.0+14.0* .5-+.8 36.8+ 10.0 23.6
12.5 42.4±15.0 43.9 43.0± 13.1 -+ 1.9
Compressional wave velocity ratio.
Station Depth %CVV S7cCTV
em All Mean All ~tean
Y6 20 0.75±O.16 0.55 0.61±O.10 0.31
12.5 0.69±O.23 0.50 0.56±O.17 0.36
X6 20 1.41+0.29 1.29 0.99±O.21 0.79
12.5 1.15+0.55 1.02 1.06+0.3'+ 0.80
C6 20 2.00±O.40* 2.00 0.93±0.36 0.87
12.5 1.57±O.34 1.45 1.10+0.55 0.91
D6 20 1.61+0.49 1.47 1.29+0.31 1.06
12.5 1.38+0.36 1.25 1.46±O.39 1.33
Shear wave velocity.
Station Depth %CVV \/('CTV
em All Mean All Mean
Y6 26 44.8+8.8* 43.2 17.0±4.8 6.6
11 42.3±12.0* 40.9 19.1+10.5 1.+.3
X6 26 35.4+7.5* 35.1 9.0+3.7 6.3
11 33.6+5.4* 33.3 8.6+11.8 7.1
C6 21 55.1 +12.4* '+9.8 29.5+9.4 22.5
11 53.9+11.6* 54.9 29.2±15.0 29.8
D6 16 60.5+9.1 * 58.8 16.1±10.3 5.1
11 63.2±10.3* 60.6 19.3±12.0 9.0
Formation factor (Surface values excluded).
Station Depth 9CCVV lcCTV
cm All Mean All Mean
Y6 23 6.0+1.7* 5.2 4.1±1.0 2.6
11 4.7+2.0 4.4 4.1+1.8 .3.4
X6 23 10.1+0.9* 9.8 4.7±1.0 4.0
11 6.7±1.4* 6.6 5.0±1.2 4.8
C6 17 11.7±8.0 11.3 6.8±4,4 .3.5
11 8.3+3.8* 7.9 4.5±1.5 2.9
D6 15 9.7+1.9 7.1 8.1±3,4 5.3
11 7.2+1.6 6.1 6.2±1.9 5.0
Total organic matter.
Station CVV CTV
All Mean All Mean
Y6 15.0+2.8 13.1 12.9±2.7 10.6
X6 18.3+8.0 17.2 15.3±12.5 13.6
C6 21.5+5.7* 19.8 13.1+8.0 9.2
D6 24.0+4.8 21.0 15.8±10.8 10.3
Log. bacterial numbers.
Station CVV CTV
All Mean All Mean
Y6 7.9+3.7 5.7 12.5+3.1* 11.0
X6 7.3+3.7 6.1 14.1+4.6* 14.0
C6 10.2+3.9 9.6 6.7+3.2 5.1
D6 7.8+2.4 6.5 6.2±1.0 4.2
Total carbohydrate content.
Station CVV CTV
All Mean All Mean
Y6 13.8+12.2 9.4 18.9± 12.-+ 14.8
X6 14.7+6.7 12.6 13.7±6.8 11.6
C6 14.8+7.0 11.3 12'-+±6.7 8.2
D6 15.1+5.9 13.1 19.3±3.6 16.9
Liquid phase carbohydrate content.
Station CVV CTV
All Mean All Mean
Y6 10.5+3.6 2.5 20.7±10.6* 19.1
X6 16.3+8.3 9.9 18.7+11.7 14.~
C6 18.0+9.1 13.7 20.0±11.8 16.7
D6 18.7+8.2 15.0 19.8+4.4 14.6
Polysachharide content.
Station CVV CTV
All Mean All Mean
Y6 12.0+3.0 1.3 22.2±4.9* 18.6
X6 15.4+7.5 13.2 24.1±5.9* 22.2
C6 20.6+6.8 18.4 19.5±6.5 17.1
D6 23.4+9.0 20.4 25.3±5.8 20.8
Table A3. Temporal variation of coefficients of vertical variation at each primary station, for
all measured parameters, including: moisture content, sand content, carbonate content, vane
shear strength, compressional wave velocity (Vp- ) ratio, shear wave velocity. formation factor,
total organic matter content, log bacterial numbers, total carbohydrate content, liquid-phase
carbohydrate content, and polysaccharide content.
Sediment Station Sampling Time
Parameter 10/93 11/93 3/93 5/94 6/94 9/94 '+/9:' 5/95
Y6 13.5 27.1 35.2 27.2 13.9 11.8 58.3 36.8
Moisture X6 17.3 12.5 13.6 9.0 1:'.6 16.7 12.0
Content C6 10.4 13.2 11.8 12.6 22.6 10.1 1.+.9
D6 9.4 8.1 10.4 18.5 12.7 13.3 18.6
Y6 5.8 19.8 22.5 10.4 19.6 16.-+ 35.3 19.6
Sand X6 2.6 4.1 .+.6 2.2 6.3 8.0 29.1
Content C6 1.18 1.71 1.43 '+ ..+3 2.35 .+.13 2.0
D6 5.64 2.27 2.68 2.51 2.-+3 -, 0- ") .+-_. ) _. )
Y6 12.2 37.4 15.3 21..+ 22.1 37.3 13.1
Carbonate X6 5.7 13.0 15.9 3.-+ 23.8 25.0
Content C6 7.3 16.9 30.5 8.2 13.9 8.3
D6 18.7 74.6 109.2 26.2 28.-+ 86.3
Y6 49.3 57.1 79.2 '+6.3 46.5 '+8.5 63.1 51.5
Vane Shear X6 80.5 71.4 60.3 56.1 38.3 69 ..+ 71.4
Strength C6 31.7 33.0 52.6 38.9 82.5 72.3 52.7
D6 31.4 26.6 .+.+. 1 75.9 40.6 34 ..+ '+2.7
Y6 0.92 0.38 0.61 0.46 0.37 0.72 1.06 1.00
Vp-ratio X6 1.53 1.34 0.-+7 0.52 0.61 1.81 1.78
C6 2.14 1.01 1.60 1.58 1.83 1.93 1.04
D6 1.37 0.94 1.02 1.29 2.12 1.54 1.39
Y6 38.4 28.7 .+.+.9 55.2 '+4.1
Shear Wave X6 27.2 34.9 33.1 39.3 33.5
Velocity C6 57.0 60.1 57.6 57.-+ 37.3
D6 48.6 50.5 6.+.'+ 80.4 71.9
Y6 6.83 7.76 .+.10 7.37 11.15 7.92
Formation X6 13.1 8.69 9.47 12.4 13.1
Factor C6 18.0 11.6 13.-+ 13._~ 1:'.7
D6 13.4 12.8 12.3 1.+.5 1J.O
Sediment Site Sampling Time
Parameter 10/93 11193 3/93 5/94 6/94 9/94 4/95 5/95
Total Organic Y6 19.5 17.1 15.2 1.+.9 11.9 10.7 15.6
Matter X6 26.5 22.7 20.6 17.7 17.8 .+.2
Content C6 23.0 27.5 19.2 19.7 26.6 13.0
D6 31.0 25.8 23.7 17.2 24.8 21.3
Bacterial Y6 4.1 13.2 11.5 1.6 7..+ 8.6 9.2
Numbers X6 2.1 6.2 5.6 12.2 7.9 9.8
C6 6.3 13.7 9.7 13.2 5..+ 12.9
D6 11.0 7.8 6.9 8.9 4.0 8.1
Total Y6 11.3 9.2 3.-+ 15..+ 29.5
Carbohydrate X6 17.5 8.1 10.0 16.8 20.9
Content C6 14.6 6.6 13.0 17.9 21.6
D6 18.6 lOA 17.5 19.-+ 9.6
Liquid-Phase Y6 13.1 7.3 11.1 5.9 11.0 1-+.9
Carbohydrate X6 1304 13.0 16.7 10.8 27.5
Content C6 22.1 5.6 22.9 17.0 22..+
D6 11.9 22.8 11..+ 21.6 25.8
Poly- Y6 10.1 16.8 9.6 9.6 12.8 13.3
saccharide 11.9 1.+.2 16.7 9.2 ,- 0X6 -).
Content C6 23.0 12.1 26.8 21.7 19.5
13.5 29.7 18.3 ,- 5 29.9D6 -).
Table A4. Descriptive statistics for all measured properties for each primary station, and for all
data combined, including: mean, standard deviation (SO), percentage coefficient of variation
(CV), and total number of depth-means (N). Values in brackets correspond to statistics
calculated using only depth-means for which a corresponding depth-mean \\'as recorded for every
station (Constant N data set). For all data CV corresponds to the coefficient of total variation
(CAV). For individual stations CV corresponds to the coefficient of localized variation (CLV).
0/0 Sand content.
Station Mean SO CV N
All 65,9 23,9 36.3 273
Y6 32.4 (32,0) 6.8 (6.8) 21.0 (21.2) 7.+ (49)
X6 61.3 (60,6) 6.4(6.4) 10.5 (9.5) 66 ('+9)
C6 84.3 (83,8) 4.0 (3,7) 4,7 (4.4) 68('+9)
D6 90.4 (90.4) 4.5 (4.7) 5.0 (5.2) 65 ('+9)
% Moisture content.
Station Mean SO CV N
All 43.6 23.4 53.7 449
Y6 74,1 (76.9) 25.6 (27.2) 34,6 (35.4) 124 (96)
X6 41.5 (43.1) 7.6 (7.3) 18.3 (16.9) 116 (96)
C6 27,6 (28.1) 5.2(5,1) 18.6 (18.2) 107 (96)
D6 24.7 (24.7) 3.6 (3,7) 14.7 (15.0) 102 (96)
% Shell Content.
Station Mean SO CV N
All 6.1 4.8 78.2 202
Y6 4.2 (4.2) 1.4 (1.3) 33.2 (28A) 56 (42)
X6 3,8 (3.7) 0.8 (0,7) 21.1 (18.8) .+7 (42)
C6 6,8 (6.5) 3.5 (3,0) 51.5 (46.2) )2('+2)
06 9,8(10.1) 7,6 (7.9) 77.6 (78.2) 47 (.+~)
Vane shear strength.
Compressionl wave velocity ratio.
Station Mean SD CV N
All 4.1 3.8 93.7 266
Y6 1.7 (1.6) 1.0 (0.9) 56.6 (57.3) 78 ('+8)
X6 2.5 (2.3) 1.3 (1.3) 52.-+ (5.+.6) 69 (.+8)
C6 6.1 (5.8) 4.4 (3.8) 71.5 (65.7) 59 ('+8)
D6 7.1 (6.9) 4.6 (4.4) 64.5 (64.0) 60 ('+8)
.
Station Mean SD CV N
All 1.091 0.059 5.-+1 282
Y6 1.016 (1.016) 0.008 (0.008) 0.79 (0.80) 78 (50)
X6 1.072 (1.071) 0.016 (0.016) 1.51 (1.52) 70 (50)
C6 1.131 (1.130) 0.023 (0.023) 2.03 (2.07) 69 (50)
D6 1.161 (1. 160) 0.021 (0.022) 1.82 (1.88) 65 (50)
Shear Wave Velocity.
Station Mean SD CV N
All 36.7 32.8 89.5 107
Y6 15.0 (12.3) 6.7 (4.6) 44.6 (37.6) 32 (20)
X6 20.0 (16.6) 7.1 (5.4) 35.6 (32.2) 30 (20)
C6 54.3 (46.8) 29.7 (25.6) 54.7 (54.7) 2.+ (20)
D6 73.3 (70.1) 39.9 (38.0) 54.4 (54.2) 21 (20)
Formation Factor.
Station Mean SD CV N
All 3.60 1.05 40.3 211
Y6 2.52 (2.41) 0.22 (0.19) 8.90 (7.91) 71 (36)
X6 3.51 (3.24) 0.48 (0.40) 13.63 (12.30) 60 (36)
C6 4.57 (4.41) 0.81 (0.75) 17.78 (17.05) '+3(36)
D6 4.71 (.+.70) 0.67 (0.68) 1.+.28 (1'+.'+'+) 37(36)
0/0 Total organic matter content.
Station Mean SD CV :\
All 4.5 2.0 44.8 125
Y6 7.2 (7.0) 1.22 (1.1) 17.0 (15.7) J5 (30)
X6 4.3 0.91 20.9 30
C6 3.0 0.65 21.4 30
D6 2.9 0.71 24.5 30
Log. of bacterial numbers.
Station Mean SD CV N
All 3.549 0.479 13.5 124
Y6 3.745 (3.625) 0.490 (0.386) 13.1 (10.6) 35 (30)
X6 3.742 0.56 15.0 29
C6 3.343 0.369 11.0 30
D6 3.337 0.276 8.3 30
Bacterial Numbers.
Station Mean SD CV N
All 8049 16446 204.3 124
Y6 11276 18058 160.1 35 (30)
X6 14727 25700 174.5 29
C6 3252 3592 110.5 30
D6 2627 1696 64.6 30
Total carbohydrate content.
Station Mean SD CV N
All 2964 1667 56.2 100
Y6 5397 1174 21.8 25
X6 3065 559 18.2 25
296 15.8 J-C6 1871 -)
06 1525 325 21.3 25
Liquid phase carbohydrate content.
Station Mean SO CV x
All 75.7 23.1 30.6 105
Y6 94.5 (87.9) 19.6 (11.5) 20.8 (13.0) 30 (25)
X6 85.0 18.5 21.7 ...,--)
C6 64.8 15.4 23.8 25
06 54.7 12.8 23.4 25
Polysaccharide content.
Station Mean SO CV N
All 52.8 18.3 34.7 105
Y6 69.9 (65.8) 14.6 (11.2) 20.9(17.1) 30 (25)
X6 56.7 14.6 25.8 25
C6 45.0 11.2 24.8 25
06 36.1 11.0 30.4 25
Table AS. Temporal variation of coefficients of regional variation for all measured parameters,
including: moisture content, sand content, carbonate content, shear strength. compressional wave
velocity (Vp-) ratio, shear (S-) wave velocity, formation factor (FF), total organic matter content
(TOM), bacterial numbers (BN), total carbohydrate content (CC), Liquid phase carbohydrate
content (LPC), Polysaccharide content (PC). Mean values are given above the standard
deviation.
Property Sampling Time
Oct. '93 Nov '93 May '94 June '94 Sept. '94 April '95 i\lav'95
Moisture 48.9 46.6 54.4 49.9 '+8.7 59.1 61..+
Content 3.5 11.1 9.8 8.8 5.8 22A 15.5
Sand 34.4 39.5 39.9 38.1 36.7 '+6.1 50.2
Content 1.5 5.2 2.3 4.3 4.8 8.9 10.7
Carbo 18.2 77.4 39.2 20.8 31.9 57.8
Content 8.5 38.9 37.4 10.7 7.6 '+2.0
Shear 54.0 55.0 51.0 68.7 64.5 69.3 95.6
Strength 26.1 31.3 9.6 16.7 17.5 9.9 1.+ A
Vp-ratio 5.20 5.61 4.91 5.64 6.03 6.08 6.18
0.30 0.54 0.52 0.70 0.70 0.95 0.77
S-wave 65.5 70A 68.5 71.1 66.4
Velocity 14.6 8.3 13.0 17.3 20.7
FF 23.1 27.9 2.+.9 29.5 32..+
3.4 3.9 2.7 1.9 2.5
TOM 43.1 41.9 40.1 .+2.4 61.8 51.3
4.2 11.4 6.9 5.6 13.5 8.5
9.34 9.18 5.70 15.16 6.61 12.69BN
3.55 3.94 2.88 3.73 2.23 1.2 I
61.2 52.3 62A X2.9 X2.2CC
14.8 6.8 8.1 19.9 9 ..+
26.2 16..+ 25.2 30.3 30.9LPC
6.2 12.2 .+ .1 10.9 5. I
37.5 .., ,+"'1 36.030.5 21.1 .' ..'PC
8.3 9.3 9.-+ I'+.X 5.6
Table A6. Correlation of all measured variables.
Correlation of each parameter with all other parameters is presented in the following twelve
tables. Each table lists correlation coefficients for seven groupings of data: all data combined,
data for muddy stations combined (Y6 and X6), data for sandy stations combined (C6 and D6).
and data for each primary station treated separately. Each table cell displays the Spearman
coefficient of ranked correlation above the Pearson product-moment correlation coefficient.
Parameters correlated include: moisture content (w), sand content. carbonate content (Carb), vane
shear strength (Su)' compressional wave velocity ratio (Vp-ratio), shear wave velocity (\1).
formation factor (FF), total organic matter content (TOM). logarithm of bacterial numbers (BN),
total carbohydrate content (CC), Liquid phase carbohydrate content (LPC). Polysaccharide
content (PC).
* denotes significance at at least the P<O.05 level; -:- denotes significance at P<O.00076, this
ensures significance at the P<O.05 level with consideration of the number of correlation
coefficients calculated (see Section 6.6.3).
% Moisture content.
Property All Muddy Sandy Y6 X6 C6 06
Sand -0.930+
-0.873 t
-0.533 t -0.555 t
-0.608 t -0.728 t -0.013
-0.871 +
-0.793 T
-0.515'
-0.630'
-0.537 t -0.672 t -0.036
Carb -0.651 + 0.017
-0.522T -0.239
-0.182 -0.636+ -0.224
-0.348t
-0.087
-0.349* -0.295* -0.107 -0.441 * -0.289
Su -0.794t -0.637t
-0.723 T -0.712' -0.831 T
-0.887 -0.558 t
-0.550-(
-0.592t
-0.585 T -0.612 t -0.85Y -0.748' -0.347*
Vp-ratio -0.950T -0.914T -0.686t -0.556T -0.851 t -0.85]' -0.417*
-0.832+
-0.784t -0.681 t
-0.644t -0.834T -08-'- -0.296*. )
~~ -0.900t -0.741 + -0.795+ -0.702 t -0.934 t -0.671 t -0.798 t
-0.830t -0.696t -0.740T -0.695 t -0.914 t -0.697' -0.785
FF -0.966t -0.931 t -0.752T -0.646T -0.905 t -0.890+ -0.61 T
-0.902t -0.920T -0.664+ -0.719+ -0.921 T -0.719 t -0.566'
TOM 0.873t 0.824t 0.418 i 0.474* 0.651 t 0.63W 0.228
0.879' 0.792t 0.426t 0.626t 0.613 t 0.574 t 0.292
BN 0.529: 0.257* 0.453 t 0.367* 0.406* 0.672 t 0.464*
0.475t 0.275* 0.491 t 0.439* 0.495* 0.652+ 0.-+55*
CC 0.925+ 0.873+ 0.548 t 0.382* 0.699t 0.595* 0.173
0.925t 0.860T 0.577 t 0.750' 0.722+ 0.631 t 0.169
LPC 0.773 t 0.381 * 0.504t 0.083 0.-+69* 0.604* 0.184
0.682+ 0.452+ 0.54T 0.441 * 0.559* 0.567* 0.259
PC 0.782t 0.542 T 0.532 t 0.20-+ o4~/* 0.604* 0.239. --
0.702t 0.519t 0.507 t 0.396* 0.537* 0.-+43 * 0.336
0/0 Sand content.
Property All Muds Sands Y6 X6 C6 06
w -0.930+
-0.873+ -0.533·'·
-0.555 t -0.6081- -0.728-
-0.013
-0.871 t
-0.793 t
-0.515 t
-0.630t -0.537 -0.672~ -0.036
Carb 0.726t 0.177 0.561 t 0.722' 0.303* 0.538 t 0..+53*
0.453 t 0.101 0.394t 0.701 t 0.348* 0.583 t 0.203
Su 0.704t 0.491 t 0.452 t 0.553 t 0.450 t 0.597t 0.386*
0.606t 0.457 t 0.503 t 0.564 t 0..+33* 0.680' 0.480*
Vp-ratio 0.947 t 0.855 t 0.738 t 0.384* 0.635 0.704t 0.519+
0.947 t 0.909 t 0.732: 0.465 t 0.51T 0.651 t 0.555 t
~\' 0.797t 0.602t 0.386* 0.656 t 0.399* 0.090 0.'+82*
0.682t 0.593 t 0.523: 0.700 t 0.460* 0.185 0.532*
FF 0.943t 0.881 t 0.592t 0.520 0.587 t 0.792t 0.28'+
0.926t 0.923t 0.427 t 0.613 t 0.640 t 0.671 + 0.167
TOM -0.863 t -0.739t -0.442 t -0.603+ -0.209 -0.71S' -0.311
-0.908+ -0.851 t -0.406* -0.664+ -0.326 -0.679 t -0.291
BN -0.440+ -0.197 -0.118 -0.378* -0.078 -0.326 -0.022
-0.427 t -0.140 -0.130 -0.384* -0.263 -0.313 -0.027
CC -0.951 + -0.772t -0.840t -0.374 -0.189 -0.759: -0.809t
-0.925 t -0.821 + -0.822" -0.538* -0.305 -0.735: -0.773+
LPC -0.754+ -0.464t -0.294* -0.259 -0.565* -0.325 0.161
-0.719+ -0.444t -0.300* -0.390* -0.676 t -0.360 0.132
PC -0.747+ -0.544t -0.316* -0.318 -0.339 -0.193 -0.025
-0.740+ -0.554t -0.326* -0.3'+3 -0.560* -0.181 -0.075
% Carbonate content >63IJrn.
Property All Muds Sands Y6 X6 C6 06
w -0.651 t 0.017
-0.522+
-0.239
-0.182 -0.636-
-0..22'+
-0.348+
-0.087
-0.349*
-0.295* -0.107
-0'-+'+ 1* -0.289
Sand 0.726+ 0.177 0.561 + 0.722 0.303* 0.538+ 0.-+53+
0.453+ 0.101 0.394+ 0.701+ 0.348* o - )-,t 0.203.,) ~_'1
Su 0.646+ 0.199* 0.606+ 0.319* 0.165 0.626+ 0.583+
0.513t 0.191 * 0.359* 0.318* 0.145 0.667+ 0.285
Vp-ratio 0.693+ -0.088 0.647+ 0.112 0.213 0.672 0.518+
0.482+
-0.115 0.347+ 0.130 0.168 0.-+65 0.161
Y\· 0.673+ 0.103 0.593+ 0.370 -0.0'+ 1 0.535* 0.654*
0.601 + 0.114 0.458* 0.427* -0.108 0.616* 0.3'+6
FF 0.711 t -0.062 0.733+ 0.351 * -0.1'+'+ 0.859' 0.526*
0.568 t -0.200 0.501 t 0.351 * -0.255 0.761 t 0.418*
TOM -0.645t -0.051 -0.336* -0.472* 0.161 -0.'+X3* -0.1'+3
-0.321 t -0.152 -0.092 -0.463* 0.133 -0.394* -0.021
BN -0.387t 0.006 -0.318* -0.071 0.133 -0.573+ -0.150
-0.233* 0.000 -0.168 -0.078 0.121 -0.378* -0.246
CC -0.696+ 0.071 -0.631 + -0.401* 0.306 -0.511 * -0.529*
-0.315* -0.076 -0.332* -0.385* 0.271 -0.339 -0.244
LPC -0.587t -0.070 -0.351 * -0.234 0.153 -0'-+ 17* -0.086
-0.374t -0.112 -0.334* -0.184 0.043 -0.310 -0.366
PC -0.543+ 0.015 -0.396* -0.177 0.225 -0.446* -0.121
-0.370+ -0.067 -0.328* -0.130 0.071 -0'-+ I 1* -0.282
Vane shear strength.
Property All Muds Sands Y6 X6 C6 06
w
-0.794t
-0.631"
-0.723 t
-0.712 t -0.831 t
-0.88T -0.558 t
-0.550t
-0.5927
-0.585 t
-0.612 t
-0.855 7 -0.748 t -0.3--1-7*
Sand 0.704t 0.491 t 0.452 7 0.553' 0.450' 0.597 t 0.386*
0.606t 0.457T 0.503 T 0.564T 0.433* 0.680t OA80*
Carb 0.646t 0.199* 0.6067 0.319* 0.165 0.626t 0.583 t
0.513 t 0.191 * 0.359* 0.318* 0.145 0.661' 0.285
Vp - ratio 0.786t 0.591 t 0.694t 0.669t 0.712 0.8167 0.726t
0.715 f 0.566t 0.644t 0.613 t 0.726t 0.7667 0.65--1- t
~\' 0.914t 0.889t 0.745 t 0.901 t 0.8667 0.573* 0.793 t
0.822t 0.866t 0.697t 0.850t 0.865 t 0.56--1-* 0.790t
FF 0.877 t 0.696t 0.533 t 0.67--1- t 0.729t 0.563 OA--1-7*
0.797 t 0.646t 0.575 t 0.625 t 0.738 t 0.678' 0.373*
TOM -0.720t -0.594t -0.197 -0.468* -0.639 7 -0.160 -0.208
-0.580t -0.582t -0.311 * -0.450* -0.690t -0.39--1-* -0.227
BN -0.559t -0.231 -0.605 t -0.097 -0.327 -0.729' -OA--1-3*
-0.471 t -0.289* -0.438 t -0.187 -0.391 * -0.684t -0.248
CC -0.729t -0.480t -0.315* -0.312 -0.653 7 -O.3-l-l -0.099
-0.554t -0.492t -0.384* -0.408* -0.66-lt -0.406* -0.275
LPC -0.628t -0.235 -0.284* 0.010 -0.295 -0.304 -0.095
-0.561 t -0.286* -0.377::: -0.084 -0.340 -0.-l32* -0.2-l3
PC -0.636t -0.382* -0.256 -0.135 -0.374 -0.321 0.006
-0.547 7 -0.351 * -0.339* -0.008 -0.417* -0.472* -0.133
Compressional wave velocity ratio.
Property All Muds Sands Y6 X6 C6 06
w -0.950" -0.914+
-0.6867 -0.556+ -0.851 +
-0.8577 -OAI7*
-0.832+ -0.784+
-0.681 7 -0.6-1--1- 7 -0.8347 -0.825+ -0.296*
Sand 0.947+ 0.8557 0.738+ 0.384* 0.635' 0.704+ 0.519+
0.947+ 0.909+ 0.732+ 0.465' 0.51T 0.651 + 0.555
Carb 0.693+
-0.088 0.647+ 0.112 0.213 0.672' 0.518'
0.482+
-0.115 0.3477 0.130 0.168 OA65+ 0.161
Su 0.786+ 0.591+ 0.694+ 0.669 0.712+ 0.816+ 0.726
0.715+ 0.566+ 0.644+ 0.613+ 0.726' 0.766+ 0.65'+t
VI' 0.857+ 0.725+ 0.579 0.804+ 0.752+ 0.335 0.703*
0.780+ 0.707+ 0.643+ 0.818+ 0.783+ 0.363* 0.7'+2 ;
FF 0.950+ 0.875+ 0.6777 0.387* 0.740' 0.849' 0.57'++
0.946+ 0.938+ 0.600+ 0.384* 0.712+ 0.711 + 0.558+
TOM -0.862+ -0.707+ -0.487+ -0.177 -0.255 -0.7'+8 -0.361 *
-0.856+ -0.789+ -0.489' -0.263 -0.289 -0.759+ -0.385*
BN -0.474+ -0.150 -0.342* -0.235 -0.085 -0.702+ -0.202
-0.448+ -0.069 -0.371 * -0.173 -0.165 -0.650+ -0.300
CC -0.952+ -0.784+ -0.838+ -0.175 -0.275 -0.767+ -0.794+
-0.879+ -0.794+ -0.826+ -0.357 -0.355 -0.74'++ -0.777+
LPC -0.749+ -0.319* -0.425* -0.116 -0.169 -0.448* -0.116
-0.716+ -0.321* -0.466+ -0.208 -0.299 -0.4.+2 * -0.256
PC -0.745+ -0.384* -0.503' -0.039 -0.101 -0.412* -0.3'+5
-0.732+ -0.411* -0.551+ -0.130 -0.052 -0.382* -0.483*
Shear wave velocity.
Property All Muds Sands Y6 X6 C6 06
w
-0.900t -0.741 +
-0.795 7
-0.7027 -0.934+ -0.671 t -0.798+
-0.830+
-0.6967
-0.7407
-0.695 7 -0.914 7 -0.69T -0.785 t
Sand 0.797t 0.602+ 0.386* 0.656 0.399* 0.090 0.482*
0.682t 0.593+ 0.523 7 0.7007 0.460* 0.1~5 0.532*
Carb 0.673 7 0.103 0.593 7 0.370 -0.041 o -~-* 0.654:;:.2)- 2)
0.601 + 0.114 0.458* 0.427* -0.108 0.616* 0.346
Su 0.914t 0.8897 0.745 7 0.901+ 0.8667 0.573* 0.79Y
0.822+ 0.866+ 0.697 7 0.8507 0.865 t 0.564* 0.790t
Vp-ratio 0.857t 0.725+ 0.5797 0.8047 0.752" 0.335 0.7()3
0.780+ 0.707 7 0.643+ 0.818 t 0.783+ 0.363* 0.742
FF 0.926+ 0.831 + 0.517 7 0.856" 0.939t 0.432* 0.543*
0.841 t 0.811 + 0.618+ 0.857t 0.909+ 0.679t 0.635*
TOM -0.743t -0.663+ -0.071 -0.492* -0.658* 0.020 -0.147
-0.602t -0.682t -0.246 -0.577* -0.686* -0.124 -0.312
BN -0.628t -0.458* -0.499* -0.504* -0.456* -0.430* -0.644*
-0.557t -0.414* -0.564+ -0.425* -0.506* -0.505* -0.709*
CC -0.772+ -0.593+ -0.091 -0.388* -0.563* 0.144 -0.060
-0.615+ -0.662t -0.246 -0.589* -0.627* 0.025 -0.253
LPC -0.693t -0.366* -0.260 -0.174 -0.357 -0.067 -0.431*
-0.623t -0.427* -0.413* -0.289 -0.444* -0.255 -0.488*
PC -0.711 t -0.517* -0.288* -0.310 -0.437* -0.165 -0.270
-0.626t -0.495* -0.436* -0.204 -0.519* -0.375 -0.391 *
Formation factor.
Property All Muds Sands Y6 X6 C6 06
w -0.966t -0.931 t
-0.752 t
-0.646 t
-0.90Y -0.890 7 -0.617
-0.902t
-0.920t
-0.664t
-0.719t -0.921 7 -0.719t -0.566 7
Sand 0.943t 0.881~ 0.592 t 0.520' 0.587 t 0.792 7 0.28'+
0.926t 0.923 t 0.421' 0.613t 0.640t 0.671 t 0.167
Carb 0.711 t
-0.062 0.733 t 0.351 * -0.144 0.859' 0.526*
0.568t
-0.200 0.501 t 0.351 * -0.255 0.761 t 0.-+ 18*
Su 0.877t 0.696t 0.533 t 0.674t 0.729 0.563 0..+.+7*
0.797t 0.646t 0.575 t 0.625 t 0.738 0.678 t 0.373*
Vp-ratio 0.950t 0.875 t 0.677 t 0.387* 0.740t 0.8'+9' 0.57'+ t
0.946t 0.938 t 0.600t 0.384* 0.712 0.71 1t 0.558
Vs 0.926t 0.831 t 0.517t 0.856t 0.939 t 0.'+32* 0.5'+3*
0.841 t 0.811 t 0.618t 0.851' 0.909t 0.679t 0.635*
TOM -0.919t -0.861 t -0.689t -0.630';' -0.73'+ t -0.812~ -0.62'+t
-0.894t -0.898 t -0.637t -0.698t -0.768 t -0.759' -0.538*
BN -0.460t -0.039 -0.258* -0.1'+5 -0.156 -0.7'+8' -0.021
-0.479t -0.056 -0.264* -0.270 -0.264 -0.758' 0.014
CC -0.816t -0.842t -0.799t -0.185 -0.558* -0.760 -0.746'
-0.790t -0.901 t -0.770t -0.461 * -0.565* -0.751 t -0.693 t
LPC -0.848t -0.570t -0.475 -0.385* -0.487* -0.716' 0.013
-0.830t -0.568t -0'-+73: -0.545* -0.501* -0.697 t -0.033
PC -0.802t -0.590; -0.490t -0.456* -0.225 -0.575 t -0. 16.+
-0.770t -0.577t -0.470t -0.-+.+2* -0.247 -0.531 t -0.177
% Total organic matter.
Property All Muds Sands Y6 X6 C6 06
w 0.873 t 0.824t 0.418 t 0.47..+* 0.651 t 0.638 t 0.228
0.879t 0.792 t 0.426t 0.626t 0.613 0.57..+ t 0.292
Sand -0.863 t
-0.739t
-0.442t
-0.603 t -0.209 -0.715-
-0.311
-0.908 t -0.851 t
-0.406*
-0.664 t -0.326 -0.679 t -0.291
Carb -0.645 t
-0.051
-0.336* -0.472* 0.161 -0.483* -0.1'+3
-0.321 t
-0.152
-0.092 -0.463* 0.133 -0.39'+* -0.021
Su -0.720t -0.594t -0.197 -0.468* -0.639t -0.160 -0.208
-0.580t -0.582 t -0.311 * -0.450* -0.690t -0.394* -0.227
Vp-ratio -0.862 t -0.707 t -0.487 t -0.177 -0.255 -0.748 t -0.361 *
-0.856t -0.789t -0.489 t -0.263 -0.289 -0.759t -0.385*
v, -0.743 t -0.663 t -0.071 -0.492* -0.658* 0.020 -0.1"+7
-0.602 t -0.682t -0.246 -0.577* -0.686* -0.12"+ -0.31'2
FF -0.919t -0.861 t -0.689t -0.630t -0.734 t -0.812 t -0.62'+ t
-0.894t -0.898 t -0.637 t -0.698 t -0.768 t -0.759 t -0.538*
BN 0.513 t 0.291 * 0.410* 0.353* 0.379* 0.460* 0.371 *
0.491 t 0.285* 0.422t 0.457* 0.506* 0.442* 0...+ 17::
CC 0.906t 0.853 t 0.614 t 0.621 t 0.693 t 0.629 t 0.619t
0.947 t 0.908 t 0.617 t 0.766 i' 0.740 0.6"+0 0.627
LPC 0.744 t 0.448 t 0.396* 0.333 0.391 * 0.508* 0.184
0.728 t 0.510t 0.425* 0.576 t 0.486* 0.520* 0.26"+
PC 0.803 t 0.660t 0.518t 0.486* 0.555* 0.589* 0.394*
0.790t 0.661 t 0.533 t 0.611 t 0.600* 0.589* 0.451 *
Log. of bacterial numbers.
Property All Muds Sands Y6 X6 C6 06
w 0.529t 0.257* 0.453 7 0.367* 0.406* 0.672+ 0.-+6.+*
0.475 t 0.275* 0.491 + 0.439* 0.495* 0.652+ o-I- ~~ i-:
Sand -0.440t
-0.197
-0.118
-0.378* -0.078 -0.326 -0.022
-0.427 t
-0.140
-0.130 -0.38-1-::'
-0.263 -0.313 -0.027
Carb -0.387t 0.006
-0.318* -0.071 0.133 -0.573t -0.150
-0.233* 0.000
-0.168 -0.078 0.121 -0.378* -0.2-1-6
Su -0.559t -0.231 -0.605t -0.097 -0.327 -0.729' -0.-1--1-3 *
-0.471 t
-0.289* -0.438t -0.187 -0.391 * -0.68-1-t -0.2-1-8
Vp-ratio -0.474t -0.150 -0.342* -0.235 -0.085 -0.702 t -0.202
-0.448t -0.069 -0.371 * -0.173 -0.165 -0.650' -0.300
V~ -0.628 t -0.458* -0.499* -0.504* -0.456* -0.430* -0.644*
-0.557t -0.414* -0.564t -0.425* -0.506* -0.505* -0.709*
FF -0.460t -0.039 -0.258* -0.1-1-5 -0.156 -0.748t -0.021
-0.479t -0.056 -0.264* -0.270 -0.26-1- -0.758t 0.01-1-
TOM 0.513t 0.291 * 0.410* 0.353* 0.379* 0.-+60* 0.371 *
0.491 t 0.285* 0.422+ 0.457* 0.506* 0.-1--1-2* 0.-+ 17*
CC 0.553 t 0.325* 0.303* 0.290 0.573+ 0.6-1-3 t -0.0-1- 1
0.555 t 0.352* 0.345* 0.583;' 0.648 t 0.642' 0.049
LPC 0.533t 0.173 0.615' 0.235 0.152 0.659' 0.61-1-+
0.603t 0.409' 0.656' 0.549* 0.323 0.706 t 0.660+
PC 0.495t 0.163 0.538 7 0.255 0.176 0.641 t 0.-+67*
0.529t 0.305* 0.5481- 0.445* 0.298 0.629' 0.528*
Total carbohydrate content.
Property All Muds Sands Y6 X6 C6 06
w 0.925+ 0.873+ 0.548' 0.382 0.699+ ().595* 0.173
0.925+ 0.860 t 0.571" 0.750' 0.722 0.631 + 0.169
Sand -0.951 +
-0.772+
-0.840+
-0.374
-0.189 -0.7)9 -0.8091'
-0.925+
-0.821 +
-0.822+
-0.538* -0.305 -0.7351' -0.7731'
Carb -0.696+ 0.071 -0.631 t
-OA01* 0.306 -0.) 11 * -0 ~'9*
-0.315*
-0.076
-0.332* -0.385 0.271 -0.339 -0.244
Su -0.729+ -0.480 t
-0.315* -0.312 -0.653 t -0.344 -0.099
-0.554+ -0.492+
-0.384* -0.408* -0.664+
-0.406* -0.27)
Vp- ratio -0.952+ -0.784+ -0.838+ -0.175 -0.275 -0.767' -0.794+
-0.879+ -0.794+ -0.826+
-0.357 -0.355 -0.744t -0.777
V~ -0.772+ -0.593+ -0.091 -0.388* -0.563* 0.144 -0.060
-0.615+ -0.662+ -0.246 -0.589* -0.627* ll.(2) -0.253
FF -0.816+ -0.842+ -0.799+ -0.185 -0.558* -0.760+ -0.746t
-0.790+ -0.901 t -0.770+
-0.461 * -0.565* -0.7) 1+ -0.693 t
TOM 0.906+ 0.853+ 0.614+ 0.621 + 0.693+ 0.629 t 0.619+
0.947+ 0.908t 0.617+ 0.766+ 0.740t 0.640 0.627:
BN 0.553+ 0.325* 0.303* 0.290 0.573+ 0.64.3' -0.041
0.555+ 0.352* 0.345* 0.583; 0.648 t 0.642 T 0.049
LPC 0.790+ 0.549+ 0.431 * 0.501* 0.552* 0.650 -0.036
0.789+ 0.667+ 0.479 t 0.831' 0.694+ 0.688T 0.049
PC 0.782+ 0.660+ 0.448* 0.383 0.660
t 0.44)* 0.219
0.789+ 0.691 + 0.47S 0.638' 0.701 t 04'1')* 0.298
Liquid phase carbohydrate content.
Property All Muds Sands Y6 X6 C6 06
w 0.773 t 0.381 * 0.504t 0.083 0.469* 0.604* 0.1 S-+
0.682t 0.452 t 0.547 7 0.441 * 0.559* 0.567* 0.259
Sand
-0.754 t
-0.464t
-0.294*
-0.259
-0.565* -0.325 0.161
-0.719t
-0.444t
-0.300*
-0.390* -0.676t -0.360 0.132
Carb
-0.587 t
-0.070
-0.351 * -0.234 0.153 -0..+ 17* -0.086
-0.374t
-0.112
-0.334* -0.184 0.043 -0.310 -0.366
Su -0.628t -0.235
-0.284* 0.010 -0.295 -0.304 -0.095
-0.561 t
-0.286*
-0.377* -0.084 -0.340 -OA32* -0.2-+3
Vp-ratio -0.749t -0.319* -0.425* -0.116 -0.169 -0.'+'+8* -0.116
-0.716t -0.321 * -0.466t -0.208 -0.299 -OA'+2* -0.256
V~ -0.693 t -0.366* -0.260 -0.17'+ -0.357 -0.067 -OA3 1*
-0.623 t -0.427* -0.413* -0.289 -0.444* -0.255 -0.488*
FF -0.848 t -0.570t -0.475 t -0.385* -0.487* -0.716t 0.013
-0.830t -0.568t -0.473 t -0.5'+5* -0.501* -0.697 t -0.033
TOM 0.744t 0.448-: 0.396* 0.333 0.391 * 0.508* O. 1X-+
0.728t 0.510t 0.425* 0.576t 0.486* 0.520* 0.26-+
BN 0.533t 0.173 0.615 t 0.235 0.152 0.650 0.61.+t
0.603t 0.409t 0.656t 0.5-+9* 0.323 0.706 t 0.660t
CC 0.790t 0.549t 0.431 * 0.501 * 0.552* 0.650' -0.036
0.789t 0.667t 0.479t 0.831 t 0.694t 0.688 t 0.0'+0
PC 0.900' 0.758t 0.863 t 0.750t 0.737' 0.X5-+ O.r\-+2-
0.903 t 0.825 t 0.850t 0.806t 0.839 0.822 0.r\-+2 t
Polysachharide content.
Property All Muds Sands Y6 X6 C6 06
w 0.782t 0.542t 0.532t 0.204 0.432* 0.604* 0.239
0.702t 0.519 0.507t 0.396* 0.537:;' 0.44.3 * 0..336
Sand -0.747 7
-0.544t
-0.316* -0.318
-0.339 -0.193 -0.025
-0.740t
-0.554t
-0.326*
-0.343
-0.560* -0.181 -0.075
Carb -0.543 t 0.015
-0.396* -0.177 0.225 -0'-+46:;' -0.121
-0.370t
-0.067
-0.328* -0.130 0.071 -0.-+11* -0..28.2
Sll -0.636t -0.382* -0.256 -0.1.35 -0.374 -0.3.21 0.006
-0.547t
-0.351 * -0.339* -0.008 -0'-+ 17'" -0.472* -0.1.33
v,-ratio -0.745 t -0.384* -0.503 t -0.039 -0.101 -0'-+ 12* -0.345
-0.732t -0.411 * -0.551 t -0.130 -0.052 -0.382 -0.483*
~~ -0.711 t -0.517* -0.288* -0.310 -0.437* -0.165 -0.270
-0.626t -0.495* -0.436* -0.204 -0.519* -0.375 -0.391 *
FF -0.802t -0.590' -0.490' -0.456* -0.225 -0.575* -0.164
-0.770t -0.577 t -0.470; -0.-+42* -0.247 -0.531 * -0.177
TOM 0.803 t 0.660t 0.518 7 0.486* 0.555* 0.589 7 0.394*
0.790t 0.661 t 0.533;- 0.611 t 0.600 t 0.589 t 0.-+51 *
BN 0.495 t 0.163 0.538 t 0.255 0.176 0.641 t 0.467*
0.529t 0.305* 0.548 t 0.-+45* 0.298 0.629t 0.528*
CC 0.782t 0.660' 0.448* 0.383* 0.6607 0.445* 0.219
0.789t 0.691 t 0.475' 0.638;- 0.701 t 0.425* 0.298
LPC 0.900t 0.758t 0.863 7 0.7507 0.737t 0.~54t 0.~42"
0.903 t 0.825 t 0.8507 0.8067 0.839 t 0.822 t 0.842 t
Appendix B.
Additional Diagrams.
This appendix presents time series referred to in Chapter 8, for difference values, including:
Figure AI. Time series of difference values for station Y6.
Figure A2. Time series of difference values for station X6.
Figure A3. Time series of difference values for station C6.
Figure A4. Time series of difference values for station D6.
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